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+Actinide series 
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by the International Union of Pure and Applied Chemistry. 
The names for elements 113, 115, 117, and 118 have not yet been decided. 
Atomic masses in brackets are the masses of the longest-lived or most important isotope of radioactive elements. 
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Spectroscopy Problems 


For problems that require specific chemical knowledge, the chapter number where the information can be found is 
given just after the problem number. 
1. Determine the structure of the straight-chain five-carbon alcohol that produces the mass spectrum 
shown here. 
100 > 
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5 60 
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2. The mass spectrum of an ether is shown here. Determine the molecular formula of the ether that produces 
this spectrum and then draw possible structures for it. 
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Spectroscopy Problems 


The mass spectra of pentane and isopentane are shown here. Determine which spectrum belongs to which en 
compound. 
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4. Which of the following compounds gives the mass spectrum shown here? 
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р | pu (owes. IBN 
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5. Chapter 10 
An unknown acid reacted with 1-butanol. The product of the reaction gave the mass spectrum shown here. 
What is the product of the reaction, and what acid was used? 
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ftm 


Identify the compound with molecular formula C9H;9O; that gives the following IR апа ‘Н NMR spectra. 
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Identify the compound with molecular formula С;Н, Вг that gives the following ЇН NMR spectrum. 
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Spectroscopy Problems 


Identify the compound with molecular formula CgH)20 that gives the following IR and ІН NMR spectra. 
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Chapter 18 
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A methyl-substituted benzene was treated with Cl, in the presence of АС. The 'H NMR spectrum of 


one of the monochlorinated products is shown below. Identify the product. 
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6 Spectroscopy Problems 


10.. Identify the compound with molecular formula CgH,,0 that gives the following IR and ЇН NMR spectra. 
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Spectroscopy Problems 


~ 12. Identify the compound with molecular formula СН) that gives the following IR and 'H NMR spectra. 


100 CIA [141 a ee р. 


Aea КЕЙ ШШЕ И ЖИИ ПЁ 
ДАМА || LÀ 
| ЊЕ E 

| | 


ҮС сел У А 


~ 04 
ЕЕ ИИ ПОВИ Е + 
HHHH- X 
ШИШ | 

(ШЕ ШШ А СА РАСА ЕЕ " 
4000 3800 3600 3400 3200 3000 2800 2600 2400 2200 2000 1800 1600 1400 1200 1000 800 600 450 
13. Identify the compound with molecular formula СаН/00 that gives the following 'H NMR spectrum. 
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14. Identify the compound with molecular formula C4H;CIO that gives the following IR and 'H NMR spectra. ~ 
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15. Identify the compound with molecular formula CgHgBr, that gives the following ЇН NMR spectrum. 
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Spectroscopy Problems 


Identify the compound with molecular formula С, НО that gives the following IR and ІН NMR spectra. 
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ІН NMR spectrum. 


Identify the compound with molecular formula C;HgBrN that gives the following 
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Spectroscopy Problems 11 


a 20. Identify the compound with molecular formula C;H, 90, that gives the following ІН NMR spectrum. 
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Identify the compound with molecular formula С; Н;О that gives the following ЇН NMR spectrum. 
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The two ЇН NMR spectra shown here are given by constitutional isomers with molecular formula C4H;BBr. 


Identify each isomer. 


23. 
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Spectroscopy Problems 13 


24. Chapter 6 
An unknown alkene with molecular formula CgH;g undergoes ozonolysis (Section 6.11 in the text). Only 
one product is formed. The IR and 'H NMR spectra of the product are shown here. What is the product? 


What alkene produced this product? 
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Spectroscopy Problems 15 


Chapter 7 
A compound with the following IR spectrum was formed by a reaction with 1-propyne. If the number of 
carbons in the reactant and product is the same, what compound is formed and what reaction conditions 


produced this compound? 
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28. 


Identify the compound with molecular formula C,H,O, that gives the following ЇН and C NMR spectra. 
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'H NMR spectrum. 


that gives the following 


Identify the compound with molecular formula C4HgO; 


29. 


Identify the compound with molecular formula СоН NO that gives the following ЇН NMR spectrum. 


30. 


Identify the compound with molecular formula CoH, О» that gives the following ЇН NMR spectrum. 


31. 
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The C NMR and 'H NMR spectra of 1,2-, 1,3-, and 1,4-ethylmethylbenzene are shown here. Determine 


which spectrum belongs to which compound. 
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Identify the compound with molecular formula СУН 40 that gives the following ІН NMR spectrum. 
Identify the compound with molecular formula С5Нуо that gives the following IH NMR spectrum. 
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Spectroscopy Problems 


Identify the compound with molecular formula C3H4O that gives the following IR and ІН NMR spectra. 
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36. 


Identify the compound with molecular formula C,H;CI that gives the following ЇН NMR spectrum. 
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Spectroscopy Problems 21 


40. Identify the compound with molecular formula C4H;NO that gives the following IR and ЇН NMR spectra. 
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^^ 


The 'H NMR spectra shown here are given by constitutional isomers of propylamine (СаНоМ). Identify the 


isomer that gives each spectrum. 


41. 
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42. Identify the compound with molecular formula C4H;N that gives the following IR and ЇН NMR spectra. 


„+4 ШЕЕ И ИШ LLL РАС 
ИШҮ; ПАН ea Ах 
UTM TET ЦД А АН 
НЕЕ 
А E UNE 


43. Identify the compound with molecular formula С, НоВгоО that gives the following ЇН NMR spectrum. 
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44 Identify the compound with molecular formula CHO, that gives the following IR and ‘Н NMR spectra ® 
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50. 
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Identify the alcohol that gives the following ЇН NMR spectrum. 


Identify the compound with molecular formula C6H;20; that gives the following ЇН NMR data. The number 
of hydrogens responsible for each signal is given in parentheses. 


1.1 ppm (6H) doublet 2.2 ppm (2H) quartet 
1.7 ppm (3H) triplet ~ 5 ppm (1H) septet 


Identify the compound with molecular formula CoH; О that gives the following ЇН NMR data. The number 
of hydrogens responsible for each signal is given in parentheses. 


1.4 ppm (2H) multiplet 3.8 ppm (2H) triplet 

2.5 ppm (2H) triplet 6.9-7.8 ppm (4H) multiplet 

Identify the compound with molecular formula СНО that gives the following ЇН NMR data. 
1.1 ppm (18H) singlet 2.2 ppm (4H) singlet 

Identify the compound with molecular formula C,HgO that gives the following ЇН NMR data. 
1.6 ppm (4H) multiplet 3.8 ppm (4H) triplet 

Identify the compound with molecular formula C,;H;4O3 that gives the following ЇН NMR data. 


3.8 ppm (6H) singlet 7.7 ppm (4H) doublet 7.3 ppm (4H) doublet 
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51. Propose structures for isomers with molecular formula C,H,NO that give the 'H NMR spectra shown below. ~ 
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52. Match each of the four compounds to one of the IR spectra shown below. 
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53. Identify the compounds that give the IR and 'H NMR spectra shown below. One has a molecular formula 


of CHN and the other a molecular formula of C,H,,0. 
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54. Identify the compounds that give the ЇН NMR spectra shown below. One has a molecular formula of 
Срба and the other a molecular formula of С НО. 


А. 


3 2 1 0 
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+ 3 2 | 0 


D.J., an undergraduate researcher, was asked to obtain a 'H NMR spectrum for a sample of cis-1, 
3-dibromocyclobutane and explain the results to his fellow group members. D.J. predicted that he would see 
two distinct signals in the ЇН NMR spetrum: a 4H triplet and a 2H quintet. Below is the ЇН NMR spectrum 
for his sample, which his advisor assured him was the correct spectrum for cis-1,3-dibromocyclobutane. 
How did D.J. rationalize this spectrum to his research group? 


D.J., now more experienced in 'H NMR interpretation, was asked to obtain a 'H NMR spectrum for 
a sample of cyclopropanol. He predicted that he would see three distinct signals in the 'H NMR spectrum: 
a 1H broad singlet, a 4H doublet, and a 1H quintet. Below is the ЇН NMR spectrum he obtained for his 
sample. How does he interpret this spectrum for his group members? 
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Chapter 6 
A compound with molecular formula C,H,, forms A and when it reacts with HBr and a minor amount of 
B. Identify the products from their 'H NMR spectra. Write the reaction that forms A and B. 
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An isomer of the starting material of the previous problem forms C when it reacts with HBr and a minor 
amount of D. Identify C and D from their 'H NMR spectra. Write the reaction that forms C and D. 
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A compound with molecular formula C,H,CIO gives the IR and ЇН NMR spectra shown below. Identify ~ 
the compound. 
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The mass spectrum for a compound with a molecular ion at m/z = 102 is shown below. The IR spectrum of 


the compound has a broad, strong absorption at 3600 cm ! and a medium absorption at 1360 cm '. 


a. Identify the compound. What fragments are responsible for the base peak at m/z = 45 and the peak at 
m/z = 847 
b. Explain the peak at m/z = 84 and draw a structure for the compound formed as a result. 
100 
80 
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40 
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Chapter 9 
Three isomeric bromobutanes (A, B, and C) were each treated with sodium hydroxide. Identify the 
bromobutane from the IR spectra of the product(s) it formed. 


A ТЕ absorption bands at 2960-2850 ст! and 1670 cm“! 
B IR absorption bands at 2960-2850 ст! and 3350 стг! 


C IR absorption bands at 2960-2850 ст“ !, 3350 cm™!, and 1670 стг! 
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61. IR spectra А-Е are shown below for the following compounds. Match each compound to its IR spectrum. m 
| 
| О | ОН | C | ОН | ‚СООН 
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62. Identify the compound with molecular formula C,H,O that gives the following ІН NMR апа ^C NMR spectra. = 


200 180 160 140 120 100 80 60 40 20 0 
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Answers to Spectroscopy Problems 


There are three straight-chain pentanols: 1-pentanol, 2-pentanol, and 3-pentanol. Because the most stable 
fragment for an alcohol is the one formed by a-cleavage, we can see which of the alcohols forms the base 
peak shown in the spectrum (that is, a base peak with m/z = 45) as a result of a-cleavage. 


For 1-pentanol, only one a-cleavage is possible. It forms a cationic fragment with m/z = 31. 


° + 
CH,CH,CH,CH,—CH,—OH —®©®'5%° . CH,CH,CH,CH, + HO=CH, 
m/z = 31 
For 2-pentanol, two a-cleavages аге possible. One forms a cationic fragment with m/z = 73 and a methyl 


radical. The second forms a cationic fragment with m/z = 45 and а ргору! radical. Because a propyl 
radical is more stable than a methy] radical, the base peak is expected to have m/z = 45. 


OH 
CH,;—CHCH,CH,CH; 


a-cleavage 
— 


CH, + HO=CHCH,CH,CH, 
m/z = 73 
OH 
aie enna: —acleavage ‚ снсњен, + HO=CHCH, 
m/z = 45 


For 3-pentanol, only one a-cleavage is possible because of the symmetry of the molecule. a-Cleavage 
forms a cationic fragment with m/z = 59. 


| 
CH,CH,—CH—CH,CH, 


a-cleavage 
————— 


A + 
CH4CH, + HO=CHCH,CH, 
m/z = 59 


The base peak of the given mass spectrum has m/z = 45. Thus, the mass spectrum is that of 2-pentanol. 
We also see a significant fragment at m/z = 73, the m/z value of the other a-cleavage product. 


First, we must first identify the molecular ion. The molecular ion, the peak that represents the intact starting 
compound, has an m/z = 74. Now we can use the rule of 13 to determine the molecular formula. 


= = 5 carbons with 9 left over 


From the rule of 13, we end up with a molecular formula of C;H,4. Because the compound is an ether, we 
know that it has one oxygen, so we must add one O and subtract one C and four Hs from the molecular 
formula. The resulting molecular formula is: 


САНОО 
Three ethers have this molecular formula: methyl propyl ether, diethyl ether, and isopropyl methyl ether. 
ОИ о ™ Є 
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3. First, we need to determine the most abundant cationic fragments for each compound. 
The possible fragments for pentane are: 


1 [cH;—CH,CH,CH,CH,| | — = -CH; + +CH,CH,CH,CH, 
m/z = 57 
2 (сњен—сн,снсњ] ——— -CH,CH, + +CH,CH,CH, 
m/z = 43 
з  |сњењ—снснсњ] ——— -CH,CH,CH, + +CH,CH, 
m/z = 29 
4 |cH;—CH,CH,CH,CH,] | ——— .CH,CH,CH,CH, + +CH; 
m/z = 15 
The most abundant fragments result from bond cleavages that produce the most stable cations and radicals. 


Fragments from 2 and 3 are the most abundant because, in each case, a primary carbocation and a primary 
radical are formed. 


2 is expected to give the base peak (the most stable fragment). The cation formed in 2 (m/z = 43) is more 
stable than the cation formed in 3 (m/z = 29), because the former is more stabilized by inductive electron 
donation from the alkyl group. 


Fragments from 1 and 4 are expected to be less abundant. They each form one primary species, but the 
second species is a methyl fragment (either a radical or a carbocation), which is less stable than the second 
species formed in 2 and 3. 


Four sets of fragments are shown for isopentane. Fragmentations that result in a primary fragment and 
a methyl fragment have been excluded because they would be less abundant than those shown here. 


+ 


CH, 
+ 
СН.СНСН.СН, = Ы СН; + СН.СНСН.СН, 
m/z = 57 
CH, 
CH;CHCH;CH, —  CH,CHCH,CH, + +CH, 
m/z = 15 
CH, ја CH, 


CH;CH — CH;CH; ЕЕЕ; d CH;CH; + CH4CH 


m/z = 43 


CH; CH; 


CH;CH—CH,CH;} ..——. CHCH + +CH,CH, 


m/z = 29 
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The four major fragments have the same m/z values (57, 43, 29, and 15) as those formed by pentane, but 
their relative intensities are different. 


1 and 3 produce the most abundant fragments because they both form a secondary cation, and the stability 
of the cation is more important than the stability of the radical in determining the most abundant fragments. 
Therefore, we expect a base peak with m/z = 43 (because the secondary cation is accompanied by a 
primary radical) and a less intense peak with m/z = 57 (because the secondary cation is accompanied by 
a methyl radical). 


Both spectra show a base peak at m/z — 43. The major difference in the two spectra is the intensity of the 
peak with m/z — 57. The spectrum of isopentane should show a more intense peak because it is due to a 
secondary cation, whereas the peak with m/z = 57 in the spectrum of pentane is due to a primary cation. 


Thus, pentane gives the first mass spectrum and isopentane gives the second. 


The molecular ion for this compound has an m/z — 73. The nitrogen rule states that if a molecular ion has 
an odd value, then the structure must have an odd number of nitrogens. Therefore, we can eliminate the 
alkane, the ketone, and the ether. 


Now we can determine the molecular formula of the compound using the rule of 13. When we subtract 14 
(the mass of nitrogen) from 73, we get 59. 


= = 4 carbons with 7 left over 


Therefore, the molecular formula is C,H,,N. Both amines given as possible structures have this formula. 


To determine which of the amines is responsible for the spectrum, we can take clues from how ethers and 
alcohols cleave and apply them to amines. Oxygen-containing species undergo a-cleavage. If nitrogen 
behaved similarly, then we would expect a fragment to form by cleaving a С— С bond alpha to the nitrogen 
in each compound. Given the relative stability of this fragment, we can anticipate that it will be the base 
peak of the mass spectrum. 


Н.С CH, H3C " CH 
Cw сн, a-cleavage nd + CH, 
CH; CH; 
m/z = 58 


CH, 
РА Se 
HN CH,CH,CH; 


a-cleavage 
MÀ Ro 


+ 
HjN— СН, t s СН»СН»СН» 
т/ = 30 
a-Cleavage of N,N-dimethylethylamine gives а cation with m/z = 58. a-Cleavage of butylamine gives 


a cation with m/z = 30. The spectrum shows a base peak with m/z = 58, indicating that the compound 
that gives the spectrum is V,N-dimethylethylamine. 
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The mass spectrum has two peaks with the same height with m/z values = 136 and 138, indicating the 
presence of bromine in the product. (Recall that bromine has two isotopes of equal abundance with weights 
of 79 and 81 amu.) 


Now we need to think about the type of reaction that occurred. 
Under acidic conditions, the starting material (1-butanol) will be protonated. 


eme | :А- 


ant 
И 9. H 


The protonated alcohol now has a leaving group that can be replaced by a nucleophile. Because we know 
that bromine is present in the product, we can assume that bromide ion is the incoming nucleophile. 


H 
Cs Br 'B + H,O 
„СС “ * .. Е МАМИ DI 2 


Мыз 
We now know that the product of the reaction is 1-bromobutane. The acid, which must be the source of 
the nucleophile, is HBr. 


The two signals near 7 and 8 ppm are due to the hydrogens of a benzene ring. Because these signals 
integrate to 4 protons, the benzene ring must be disubstituted. The fact that both signals are doublets tells us 
that the protons that give each signal must be coupled to one proton (N + 1 = 1 + 1 = 2). Therefore, the 
substituents must be at the 1- and 4-positions. 


By subtracting the six Cs and four Hs of the benzene ring from the molecular formula, we know that the 
two substituents contain three Cs, six Hs, and three Os (СУН 003 — C6H4 = C3H,O3). 


A triplet (1.4 ppm) that integrates to 3 protons and a quartet (4.2 ppm) that integrates to 2 protons are 
characteristic of an ethyl group. Because the signal for the CH, group of the ethyl substituent appears at a 
relatively high frequency, we know that it is attached to an electronegative atom (in this case, an O). 


The presence of the CH;CH,O group consumes more of the remaining molecular formula 
(СзНеОз — C,H;0 = CHO)). There is one remaining NMR signal, a singlet (9.8 ppm) that integrates to 
1 proton. 


To help with the identification, we turn to the IR spectrum. The broad absorption near 3200 cm“! indicates 
the О— Н stretch of an alcohol; the proton of the OH group would give the broad NMR signal at 9.8 ppm. 
The strong absorption at 1680 ст! indicates the presence of a carbonyl C=O group. 
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Now that all the fragments of the compound have been identified, we can put them together. The compound 


is ethyl 4-hydroxybenzoate. 
< 
НО С 
\ 


OCH;CH; 


The signals at 1.1 and 1.8 ppm have been magnified and are shown as insets on the spectrum (the 2 and 
1 represent the ppm scale) so that you can better see the splitting. The triplet (1.1 ppm) that integrates to 
3 protons and the quartet (1.8 ppm) that integrates to 2 protons are characteristic of an ethyl group. (The 
peak to the right of the quartet is actually the beginning of the adjacent signal that integrates to 6 protons.) 


The singlet (1.7 ppm) that integrates to 6 protons indicates that there are two methyl groups in the same 
environment. Because the signal is a singlet, the carbon to which they are attached cannot be bonded to any 
hydrogens. The only atom not accounted for in the molecular formula is Br. 


p^ 
—C— 


| 
CH; 


Therefore, the ethyl group and the bromine must be the two substituents that are attached to the carbon. 
Thus, the compound is 2-bromo-2-methylbutane. 


CH; 
a LL 
Br 


A major clue comes from the IR spectrum. The strong absorption at ~ 1710 ст”! indicates the presence 
of a carbonyl (C=O) group. Because the compound has only one oxygen, we know that it must be an 
aldehyde or a ketone. The absence of absorptions at 2820 and 2720 ст! tells us that the compound is not 
an aldehyde. 


The absorptions at 2880 and 2970 ст! are due to C — Н stretches of hydrogens attached to sp? carbons. 


The ЇН NMR spectrum has two unsplit signals. One integrates to 9 protons and the other to 3 protons. 
A signal that integrates to 9 protons suggests a tert-butyl group, and a signal that integrates to 3 protons 
suggests a methyl group. The fact that they are both singlets indicates that they are on either side of the 
carbonyl group. Therefore, the compound is 3,3-dimethyl-2-butanone. 


That the methyl group shows a signal at ~2.1 ppm reinforces this conclusion because that is where a 
methyl group attached to a carbonyl group is expected to occur. 


Copyright € 2017 Pearson Education, Inc. 


46 


10. 


11. 


Spectroscopy Problems 
From the reaction conditions provided, we know that the product is a monochlorinated toluene. 
CH; CH; 
CL, AICI, 
Cl 
The singlet (2.3 ppm) that integrates to 3 protons is due to the methyl group. 


The signals in the 7-8 ppm region that integrate to 4 protons are due to the protons of a disubstituted 
benzene ring. Because both signals are doublets, we know that each proton is coupled to one adjacent 
proton. Thus, the compound has a 1,4-substituted benzene ring. 


Therefore, the compound is 4-chloromethylbenzene. 


The strong and broad absorption in the IR spectrum at 3400 cm! indicates a hydrogen-bonded O—H 
group. The absorption bands between 2800 and 3000 ст“ ! indicate hydrogens bonded to sp? carbons. 


Only one signal in the 'H NMR spectrum integrates to 1 proton, so it must be due to the hydrogen of the 
OH group. The singlet that integrates to 3 protons can be attributed to a methyl group that is attached to a 
carbon that is not attached to any hydrogens. 


Because the other two signals show splitting, we know that they represent coupled protons (that is, protons 
on adjacent carbons). The quartet and triplet combination indicates an ethyl group. Because the quartet and 
triplet integrate to 6 and 4 protons, respectively, the compound must have two ethyl groups. 


The identified fragments of the molecule are: 


ie T їн 
Ни Не 2 ER E —0—H, 
На На 


When these fragments are subtracted from the molecular formula, only one carbon remains. Therefore, this 
carbon must connect the four identified fragments. The compound is 3-methyl-3-pentanol. 


d 


OH 


The 'H NMR spectrum contains only one signal, so only one type of hydrogen is present in the molecule. 
Because the compound has 4 carbons and 9 identical hydrogens, the compound must be tert-butyl 
bromide. 
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The molecular formula indicates that the compound is a hydrocarbon with one degree of unsaturation. The 
IR spectrum can tell us whether the degree of unsaturation is due to a cyclic system or a double bond. The 
absorption of moderate intensity near 1660 ст! indicates a C — C stretch. The absorption at ~ 3100 cm ^ L 
due to C— H stretches of hydrogens attached to sp’ carbons, reinforces the presence of the double bond. 


The two relatively high-frequency singlets (4.7 ppm) is given by vinylic protons. Because the signal 
integrates to 2 protons, we know that the compound has two vinylic protons. Because the signals are not 
split, the vinyl protons must not be on adjacent carbons. Thus, they must be on the same carbon. 


The singlet (1.8 ppm) that integrates to 3 protons must be a methyl group. Because it is a singlet, the 
methyl group must be bonded to a carbon that is not attached to any protons. 


The doublet (1.1 ppm) that integrates to 6 protons and the septet (2.2 ppm) that integrates to 1 proton is 
characteristic of an isopropyl group. 


H H 
| | 


| 
E EM RES 
H H H 
isopropyl group 


Because the compound has a methyl group, an isopropyl group, and two vinylic hydrogens attached to the 
same carbon, we know that the compound must be 2,3-dimethyl-1-butene. 


The signals іп the ІН NMR spectrum between 6.7 and 6.9 ppm indicate the presence of a benzene ring. 
Because the signals integrate to 3 protons, it must be a trisubstituted benzene ring. 


The triplet (6.7 ppm) that integrates to 1 proton and the doublet (6.9 ppm) that integrates to 2 protons tell 
us that the three substituents are adjacent to one another. (The На protons are split into a doublet by the Н, 
proton, and the H, proton is split into a triplet by the two H4 protons.) 


Subtracting the trisubstituted benzene (C6H3) from the molecular formula leaves СНО unaccounted 
for. The singlet (2.2 ppm) that integrates to 6 protons indicates that two methyl groups are in identical 
environments. Now only OH is left from the molecular formula. The singlet at 4.6 ppm is due to the proton 
of the OH group. The compound is 2,6-dimethylphenol. 


OH 
CH, CH, 
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A major clue to the compound’s structure comes from the IR spectrum. The strong absorption at 
~ 1740 ст”! indicates the presence of a carbonyl (C=O) group. Because the compound has only one 
oxygen, the compound must be an aldehyde or a ketone. The absence of absorptions at 2820 and 2720 cm! 
tells us that the compound is not an aldehyde. 


The NMR spectrum shows a singlet (2.3 ppm) that integrates to 3 protons, indicating that it is due to a 
methyl group. The chemical shift of the signal (hydrogens attached to carbons adjacent to carbonyl carbons 
typically have shifts between 2.1 and 2.3 ppm) and the fact that the signal is a singlet suggest that the 
methyl group is attached directly to the carbonyl group. 


The two remaining signals are split, indicating that the protons that give these signals are attached to 
adjacent carbons. Because the signal at 4.3 ppm is a quartet, we know that the proton that gives this signal 
is bonded to a carbon that is attached to a methyl group. The other signal (1.6 ppm) is a doublet, so the 
proton that gives this signal is bonded to a carbon that is attached to one hydrogen. 


When these two fragments are subtracted from the molecular formula, only a Cl remains. 


The only possible arrangement has the alkyl group bonded directly to the other side of the carbonyl group 
and the chlorine on the last available bond. The relatively high-frequency chemical shift of the quartet 
(4.3 ppm) reinforces this assignment because it must be attached to an electronegative atom. Thus, the 
compound is 3-chloro-2-butanone. 


О 


$i 


Cl 


Given the simplicity of the 'H NMR spectrum, the product must be highly symmetrical. 


The singlet (7.4 ppm) that integrates to 4 protons is due to benzene-ring protons. Because there are four 
aromatic protons, we know that the benzene ring is disubstituted. Because the signal is a singlet, we know 
that the four protons are chemically equivalent. Therefore, the two substituents must be the same and they 
must be on the 1- and 4-positions of the benzene ring. 
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Subtracting the disubstituted benzene ring from the molecular formula, only СуНаВг; remains. Thus, each 
substituent must contain 1 carbon, 2 hydrogens, and 1 bromine. The compound that gives the spectrum, 


therefore, is the one shown here. 
всњ--( Che 


The molecular formula indicates that the compound has two degrees of unsaturation. The weak absorption 
at ~2120 cm ^! is due to a carbon-carbon triple bond, which accounts for the two degrees of unsaturation. 
The intense and sharp absorption at 3300 ст“ ! is due to the C—H stretch of a hydrogen attached to an sp 
carbon. The intensity and shape of this absorption distinguishes it from an alcohol (intense and broad) and 
an amine (weaker and broad). Thus, we know that the compound is a terminal alkyne. 


The absorptions between 2800 and 3000 ст“ ! are due to the C—H stretch of hydrogens attached to sp? 
carbons. 


АП three signals in the 'H NMR spectrum are singlets, indicating that none of the protons that give these 
signals have neighboring protons. The singlet (2.4 ppm) that integrates to 1 proton is the proton of the 
terminal alkyne. 


—C=>C—H 


The two remaining signals (3.4 and 4.1 ppm) that integrate to 3 protons and 2 protons, respectively, can 
be attributed to a methyl group and a methylene group. When the alkyne fragment and the methyl and 
methylene groups are subtracted from the molecular formula, only an oxygen remains. 


| Н 
a 
H H 


The arrangement of these groups can be determined by the splitting and the chemical shift of the signals. 
Because each signal is a singlet, the methyl and methylene groups cannot be adjacent or they would split 
each other’s signal. Because the terminal alkyne and the methyl group must be on the ends of the molecule, 
the only possible arrangement is shown below. Thus, the compound is 3-methoxy-1-propyne. 


CH,OCH,C=CH 


Notice that both the methyl and methylene groups show strong deshielding because of their direct 
attachment to the oxygen. The methylene hydrogens are also deshielded by the neighboring alkyne. 


The signals in the 'H NMR spectrum between 6.5 and 7.2 ppm indicate the presence of a benzene ring. 
Because the signals integrate to 3 protons, it must be a trisubstituted benzene ring. 


The singlet (2.1 ppm) that integrates to three protons must be a methyl group; 2.1 ppm is characteristic of 
protons bonded to a benzylic carbon. 


When the trisubstituted benzene ring (C6H3) and the methyl group (CH3) are subtracted from the molecular 
formula, МН,Вг is all that remains. Thus, the three substituents must be a methyl group, bromine, and 
an amino group (NH). The amino group gives the broad singlet (3.6 ppm) that integrates to 2 protons. 
Hydrogens attached to nitrogens and oxygens typically give broad signals. 
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The substitution pattern for the trisubstituted benzene can be determined from the splitting patterns. 
Because the signal (6.5 ppm) that integrates to 1 proton is a doublet, we know that the proton that gives this 
signal has only one neighboring proton. Looking at the magnification of the signal at 7.1 ppm, we see that 
it is actually two separate signals. One is a singlet; therefore, it is attached to a carbon that is separated by 
substituents from the carbons that are attached to protons. The other signal is a doublet that integrates to 
1 proton; because it gives a doublet, we know that it is next to the proton that gives the doublet at 6.5 ppm. 


To determine the relative positions of the substituents, the chemical shifts must be analyzed. Bromine is 
the most electronegative substituent and, therefore, must be adjacent to the two protons that give signals 
at 7.1 ppm. Thus, Z is Br. The amino group donates its lone-pair electrons into the ring, so it shields 
benzene-ring protons. Thus, the signal at 6.5 ppm is from a proton in close proximity to the amino group. 
Therefore, X must be the amino group. 


The compound that gives the spectrum is shown here. 


NH, 
CH, 


Br 


The two compounds that produce the spectra have the following structures. 


CIC Н,С Н,СН,В r CIC H5CH5CH,I 
|-bromo-3-chloropropane  l-chloro-3-iodopropane 


The number of signals (three) and the splitting patterns are identical for each compound. The only 
difference is variations in the chemical shift due to the different electronegativities of bromine and iodine. 


Because chlorine is more electronegative than bromine or iodine, the protons bonded to the carbon that is 
attached to chlorine has the most deshielded signal (that is, the signal that occurs at the highest frequency). 
This is the triplet that occurs at 3.7 ppm in both spectra. 


The spectra differ in the signal that occurs at 3.4 ppm in the top spectrum and the signal that appears at 
3.6 ppm in the second spectrum. Because bromine is more electronegative than iodine, the protons bonded 
to the carbon that is attached to bromine occurs at a higher frequency than the protons bonded to the carbon 
that is attached to iodine. 


Thus, 1-chloro-3-iodopropane gives the top spectrum, and 1-bromo-3-chloropropane gives the bottom 
spectrum. 
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The molecular formula shows that the compound has one degree of unsaturation, indicating a cyclic 
compound, an alkene, or a carbonyl group. 


A cyclic system containing an oxygen (a cyclic ether) would have the most deshielded signal at ~3.5 ppm, 
which would be due to the hydrogens attached to the carbon adjacent to the oxygen. Therefore, a cyclic 
ether would not give a signal at 6.4 ppm, so it can be ruled out. 


Protons attached to a carbon adjacent to a carbonyl group show a signal at ~2.1 ppm. Because there is no 
signal in that region, a carbonyl group can also be ruled out. 


Vinylic protons would account for the signals in the 3.9-4.2 ppm range that integrate to 2 protons, so we 
can conclude that the compound is an alkene. Because a highly deshielding oxygen is also present, the 
high-frequency signal (6.4 ppm) is not unexpected. 


The triplet (1.3 ppm) that integrates to 3 protons and the quartet (3.8 ppm) that integrates to 2 protons 
indicate the presence of an ethyl group. The fact that the quartet is deshielded suggests that the ethyl's 
methylene group is attached to the oxygen. 


The highly deshielded doublet of doublets (6.4 ppm) that integrates to 1 proton suggests that the proton 
that gives this signal is attached to an sp” carbon that is attached to the oxygen. The fact that the signal is 
a doublet of doublets indicates that it is split by each of two nonidentical protons on the adjacent carbon. 
Thus, the compound is ethyl vinyl ether. 


H H 
\ у 
с=с 
ZON 
H OCH,CH, 


The identification is confirmed by the two doublets (~4.0 and 4.2 ppm) that each integrate to | proton. 
When those signals are magnified, we can see that each is actually a doublet of doublets. The doublets of 
doublets are not well defined because of the small coupling constant (J value) for geminal coupling on 
sp? carbons. 


The doublet (1.2 ppm) that integrates to 6 protons and the septet (5.0 ppm) that integrates to | proton are 
characteristic of an isopropyl group. (The two methyl groups are split by a single proton, and the single 
proton is split by six protons.) 


The remaining signal (a singlet at a tiny bit more than 2.0 ppm) that integrates to 3 protons indicates an 
unsplit methyl group. 


When the isopropyl and methyl groups are subtracted from the molecular formula, one carbon and two 
oxygens are left over. Thus, the compound has the following fragments: 


ae ee | | 

H—C—C—C—H | H—C—H „С. 
ГТ | | о 
H H H H 
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These fragments can be pieced together two ways. Because the most deshielded signal in the spectrum 
(the one at 5.0 ppm) is the proton bonded to the central carbon of the isopropyl group, that carbon must be 
attached directly to the oxygen. Thus, the compound is isopropyl acetate. 


О 
| | 
„с ч 
ал OCH; CH; i У 
CH; CH; 
methyl 2-methylpropanoate isopropyl acetate 


The IR spectrum shows an absorption at ~ 1700 ст“ ! for a С=О stretch and a very broad absorption 
(2300-3300 cm !) for an О — Н stretch, indicating that the compound is a carboxylic acid. Intermolecular 
hydrogen bonding explains the broad nature of this peak as well as the broader-than-expected carbonyl 
peak absorption. The proton of the carboxylic acid gives a singlet at 12.4 ppm in the NMR spectrum. 


The two doublets (7.5 and 7.9 ppm) that each integrate to 2 protons indicate a 1,4-disubstituted benzene ring. 


Subtracting the disubstituted benzene ring and the COOH group from the molecular formula leaves CH;Br. 
Therefore, we know that the second substituent is a bromomethy] group; it gives the singlet at ~4.7 ppm. 


Therefore, the compound that gives the spectrum is the one shown here. 


О 
НО 


The signals with chemical shifts in the range of 7-8 ppm are due to benzene-ring protons. Because the 
three signals integrate to a total of 5 protons, we know that the benzene ring is monosubstituted. 


The singlet at 10 ppm indicates the hydrogen of an aldehyde or a carboxylic acid. Because only one 
oxygen is in the molecular formula, we know that the compound is an aldehyde. Thus, the compound is 
benzaldehyde—a compound with a monosubstituted benzene ring and an attached aldehyde. 


O 


In the first spectrum, the doublet ( 1.7 ppm) that integrates to 6 protons and the septet (~4.2 ppm) that 
integrates to 1 proton indicate an isopropyl group. When the isopropyl group is subtracted from the 
molecular formula, only a Br remains. Thus, the compound is 2-bromopropane. 


ica a 
onan ae x 
H Br H 
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In the second spectrum, the triplet (~ 1.0 ppm) that integrates to 3 protons is a methyl group that is attached 
to a methylene group. The triplet (~3.4 ppm) that integrates to 2 protons is a methylene group that is 
also attached to a methylene group; the highly deshielded nature of the signal indicates that the carbon is 
attached to an electronegative group. Thus, the compound is 1-bromopropane. 


H " H 
BOE 
H H H 


The structure is confirmed by the multiplet (~ 1.8) that integrates to 2 protons; the signal is split by both the 
adjacent methyl and methylene groups. 


Notice that the pattern of a triplet that integrates to 3 protons, a multiplet that integrates to 2 protons, and a 
triplet that integrates to 2 protons is characteristic of a propyl group. 


A strong and sharp absorption in the IR spectrum at ~ 1730 ст“ | indicates a carbonyl (C=O) group. The 
two absorptions at 2710 and 2810 cm ^! tell us that the product of ozonolysis is an aldehyde. The aldehydic 
proton is also visible in the NMR as a singlet (9.0 ppm) that integrates to 1 proton. 


The NMR spectrum has two additional signals. One is a doublet (1.1 ppm) that integrates to 6 protons, 
and the other is a septet (2.4 ppm) that integrates to 1 proton. This is characteristic of an isopropyl group. 
Therefore, we know that the product of ozonolysis is 2-methylpropanal. 


A 


Because only one product is formed, we know that the alkene that formed the aldehyde must be symmetrical. 
The identification of the aldehyde also agrees with the molecular formula of the alkene that underwent 
ozonolysis—that is, an eight-carbon symmetrical alkene will form a four-carbon carbonyl compound. 


Two symmetrical alkenes will form 2-methylpentanal—trans-2,5-dimethyl-3-hexene and с:5-2,5- 
dimethyl-3-hexene. We are not given any information that distinguishes between the two stereoisomers. 
Therefore, the unknown alkene can be either of the two stereoisomers. 


2 ог 
AX 


The strong and sharp absorption in the IR spectrum at ~ 1720 cm”! indicates the presence of a carbonyl 
group. The broad absorption centered at 3000 cm“! tells us that the carbonyl-containing compound is a 
carboxylic acid. The broad singlet (12.0 ppm) in the NMR spectrum (shown as offset by 0.2 ppm from 
where it is placed on the spectrum) confirms the presence of a carboxylic acid group. 


The only other signal in the NMR spectrum is a singlet (2.0 ppm) that integrates to six protons, indicating 
two methyl groups in the same environment. Because the signal is a singlet, the methyl groups must be 
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attached to a carbon that is not attached to a proton. Because we know that the compound has only four 
carbons and contains a bromine, the compound must be 2-bromo-2-methylpropanoic acid. 


О 


| 


The quintet (~2.2 ppm) that integrates to 2 protons indicates that the protons that give this signal have 
four identical neighboring protons. A carbon cannot be bonded to four protons and still be able to bond to 
anything else. Therefore, the two protons that give the quintet must be bonded to a carbon that is attached 
to two methylene groups in the same environment. 


The triplet (~3.8 ppm) that integrates to 4 protons must be the signal for the four protons of the two 
methylene groups. The two methylene groups must be on either side of a carbon that is bonded to two 
protons (that is, the protons that give the quintet). 


PN 
na 
H H H 


Two bonds are left unaccounted for, so this is where the two chlorines shown in the molecular formula go. 
Therefore, the compound is 1,3-dichloropropane. The highly deshielded nature of the signal at 3.8 ppm 
for the protons bonded to the carbons that are attached to chlorines is further evidence that the chlorines are 
attached to these carbons. 


CICH;CH;CH;CI 


The IR spectrum shows a strong and sharp absorption at ~1720 ст“ !, indicating a carbonyl (C=O) 
group. The two absorptions at 2720 and 2820 cm ! are characteristic of an aldehyde; they are due to the 
C — Н stretch of the bond between the carbonyl carbon and the aldehydic hydrogen. Because the reactant 
has three carbons, the aldehyde that produces the IR spectrum must also have three carbons. Therefore, the 
product of the reaction is propanal. 


О 
/ 
CH3CH,— С 
\ 
Н 


Thus, the reaction that occurred was the conversion of 1-ргорупе to propanal. This reaction can occur by 
hydroboration-oxidation of the alkyne (Section 7.8 in the text). 


O 
u 1. RBH, THF / 
НС—С=СН тоносо" ChG 
Н 
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The short signal at ~ 185 ppm in the PC NMR spectrum suggests the presence of the carbonyl group of a 
carboxylic acid. 


The broad singlet (12.2 ppm) in the 'H NMR spectrum that integrates to 1 proton confirms that the 
compound contains a carboxylic acid group. 


The doublet (1.2 ppm) that integrates to 6 protons and the septet (2.6 ppm) that integrates to 1 proton are 
characteristic of an isopropyl group. 


а 7 
in nan ane 
H H H 


Therefore, the compound is 2-methylpropanoic acid. 


/ 
CH; OH 


The breadth of the singlet (11.8 ppm) that integrates to 1 proton indicates a hydrogen that is attached to an 
oxygen. The chemical shift of the signal indicates that it is due to the OH group of a carboxylic acid. 


The triplet (~0.9 ppm) that integrates to 3 protons is a methyl group that is attached to a methylene group. 
The triplet (~ 2.3 ppm) that integrates to 2 protons indicates a methylene group that is also attached to a 
methylene group; the chemical shift of this signal indicates that the protons that give this signal are closest 
to the electron-withdrawing carboxylic acid group. The multiplet at 1.7 ppm that integrates to 2 protons is 
given by the two protons that split the other two signals into triplets. 


We can conclude that the compound responsible for the spectrum is butanoic acid. 


О 
7 
CH;CH,CH,—C 
OH 


The singlet (~9.7 ppm) that integrates to 1 proton and the molecular formula that contains one oxygen 
suggest that an aldehyde is present. 


A= 


The signals at 7.7 and 6.7 ppm are due to benzene-ring protons. The fact that they are both doublets that 
integrate to 2 protons tells us that substituents are on the 1- and 4-positions of the benzene ring. 
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If the aldehyde group and the disubstituted ring are subtracted from the molecular formula, we find that 
the second substituent contains 2 carbons, 6 hydrogens, and 1 nitrogen. The remaining NMR signal 
(~3.0 ppm) is a singlet that integrates to 6 hydrogens. These must be due to two methyl groups in the same 
environment. The nitrogen must be between the two methyl group; otherwise, they would split each other's 
signals. The nitrogen causes the signal for the methyl groups to appear at a higher frequency than where 
methyl groups normally appear. 


Thus, the compound is 4-(dimethylamino)benzaldehyde. 


CH; 


S 4 ; / 
N 
Е Сн, 


The three signals between 7.4 and 8.1 ppm that together integrate to 5 protons indicate a monosubstituted 
benzene ring. Subtracting the monosubstituted ring (C6H5) from the molecular formula leaves C;H;O, to 
be accounted for. 


The two oxygens in the molecular formula tells us that the compound is an ester because a broad singlet 
between 10 and 12 ppm that would indicate a carboxylic acid is not present. The remainder of the molecule 
contains two carbons and five hydrogens. 


The two remaining signals, a triplet (1.4 ppm) that integrates to 3 protons and a quartet (4.4 ppm) that 
integrates to 2 protons, are characteristic of an ethyl group. The three known segments can now be joined 
in one of two ways: 


О 
| 


С 
Зз, 
CY COCH,CH, CH,CH, o ) 


phenyl propanoate 


O-—O 


ethyl benzoate 


The choice between the two compounds can be made by looking at the chemical shift of the methylene 
protons. In the ethyl ester, the signal will be highly deshielded by the adjacent oxygen. In the phenyl ester, 
the signal will be at ~2.1 ppm because the methylene protons are next to the carbonyl group. Because the 
chemical shift of the methylene protons is 4.4 ppm, we know that the compound is ethyl benzoate. 
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Because all three spectra are given by ethylmethylbenzenes, the low-frequency signals in both the 'H NMR 
and C NMR spectra can be ignored because they belong to the methyl and ethyl substituents. The key to 
determining which spectrum belongs to which ethylmethylbenzene can be found in the aromatic region of 
the ЇН NMR апа '3С NMR spectra. 


3 


CH; СН; CH 
CH,CH; 


СН»СН» 
4-ethylmethylbenzene 3-ethylmethylbenzene 2-ethylmethylbenzene 


The aromatic region of ће ЗС NMR spectrum of 4-ethylmethylbenzene will show four signals because it 
has four different ring carbons. 


CH, 


-— #1 
<— #2 


<— #3 


— 


CH;CH; 


The aromatic region of the ІС NMR spectrum of 3-ethylmethylbenzene will show six signals because it 
has six different ring carbons. 


CH 
3a 
m #2 
x5 #3 
CH,CH, 
#4 


The aromatic region of the C NMR spectrum of 2-ethylmethylbenzene will also show six signals because 
it has six different ring carbons. 


CH; m 
CH;CH; 
© #2 
#5 #3 
#4 


We now know that spectrum (b) is the spectrum of 4-ethylmethylbenzene because its ЗС NMR spectrum 
has four signals and the other two compounds will show six signals. 


To distinguish between 2-ethylmethylbenzene and 3-ethylmethylbenzene, we need to look at the splitting 
patterns in the aromatic regions of the ІН NMR spectra. Analysis of the aromatic region for spectrum (с) is 
difficult because the signals are superimposed. Analysis of the aromatic region for spectrum (a) provides 
the needed information. A triplet (7.2 ppm) that integrates to 1 proton is clearly present. This means that 
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spectrum (a) is 3-ethylmethylbenzene because 2-ethylmethylbenzene would not show a аре Therefore, 
spectrum (c) is 2-ethylmethylbenzene. 


R R 
R' 
-— singlet (1H) 
E i doublet (2H) 
triplet (1H) | doublet (2H) 
doublet (2H) 


splitting pattern for 3-methylethyl benzene splitting pattern for 2-methylethyl benzene 


The final assignments are: 
(а) 3-ethylmethylbenzene (b) 4-ethylmethylbenzene (с) 2-ethylmethylbenzene 


The simplicity of the NMR spectrum of a compound with 7 carbons and 14 hydrogens indicates that the 
compound must be symmetrical. From the molecular formula, we see that it has one degree of unsaturation. 
The absence of signals near 5 ppm rules out an alkene. Because the compound has an oxygen, the degree 
of unsaturation may be due to a carbonyl group. 


The doublet (1.1 ppm) that integrates to 12 protons and the septet (2.8 ppm) that integrates to 2 protons 
suggest the presence of two isopropyl groups. 


If two isopropyl groups are subtracted from the molecular formula, we find that the remainder of the 
molecule is composed of one carbon and one oxygen. Thus, the compound is the one shown here. 


О 


TT 


The molecular formula tells us that the compound has one degree of unsaturation. The multiplet (5.2 ppm) 
that integrates to 1 proton is due to a vinylic proton (that is, it is attached to an sp? carbon). Thus, the 
degree of unsaturation is due to a carbon-carbon double bond. Because there is only one vinylic proton, we 
can assume that the alkene is trisubstituted. 


Three additional signals are present that each integrate to 3 protons, suggesting that all three signals are 
due to methyl groups. The alkene, therefore, is 2-methyl-2-butene. 


CH; CH, 
\ / 
с=с 
ZN 

CH, н 


Notice that two of the three signals given by the methyl groups are singlets and one is a doublet. The 
methyl group that gives the doublet is bonded to the carbon that is attached to the vinylic proton. The other 
two methyl groups are bonded to the other sp? carbon. 
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A medium-intensity absorption at ~2120 ст“ ! indicates the presence of а carbon-carbon triple bond. The 
sharp absorption at 3300 ст! is due to the C—H stretch of a hydrogen bonded to an sp carbon. Thus, the 


compound is a terminal alkyne. 
—CzzC—H 
The intense and broad peak centered at 3300 cm7! is evidence of an O—H group. 


The NMR spectrum can be used to determine the connectivity between the groups. The signal (2.5 ppm) 
that integrates to 1 proton is due to the proton of the terminal alkyne. . 


The singlet (3.2 ppm) that integrates to 1 proton must be due to the proton of the OH group. 


The singlet (4.2 ppm) that integrates to 2 protons must be due to a methylene group that connects the triply 
bonded carbon to the OH group. The compound is 2-propyn-1-ol. 


H—C=C—CH,—OH 


This arrangement explains the absence of any splitting and the highly deshielded nature of the signal for 
the methylene group. 


The two singlets (4.9 and 5.1 ppm) that each integrate to 1 proton are vinylic protons. Therefore, we know 
that the compound is an alkene. 


The singlet (2.8 ppm) that integrates to 3 protons is a methyl group. The deshielding results from its being 
attached to ап sp? carbon. 


If we subtract the two vinylic protons, the two sp? carbons of the alkene, and the methyl group from the 
molecular formula, we are left with CH5Cl. Thus, a chloromethyl group is the fourth substituent of the 
alkene and gives the singlet (4.9 ppm) that integrates to 2 protons. Its deshielding is due to the proximity to 
the electronegative chlorine. 


Now we need to determine the substitution pattern of the alkene. The absence of splitting indicates that the 
two vinylic protons must be attached to the same carbon. If these protons were cis or trans to each other, 
they would give doublets with significant J values. Geminal protons attached to sp? carbons have very 
small J values, so splitting is typically not observed. (See Table 14.2 on page 644 of the text.) 


Thus, the compound is 3-chloro-2-methyl-1-propene. 


H 


со а > c. 
| 


CH; 
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The only signal that integrates to 1 proton is the singlet at 2.2 ppm. This must be due to the OH group of 
the alcohol. 


The signals centered around 7.3 ppm are given by benzene-ring protons. Because they integrate to 
5 protons, the benzene ring must be monosubstituted. 


The two triplets (2.8 and 3.8 ppm) that each integrate to 2 protons suggest two adjacent methylene groups. 
Both signals are fairly deshielded, indicating an electronegative atom nearby. 


The fragments identified at this point are a monosubstituted benzene ring, an OH group, and two adjacent 


methylene groups. 
C 2- HO TI о СН»СН, == 


No other signals аге in the NMR spectrum, so the compound must be the one shown here. 


The doublet (0.9 ppm) that integrates to 6 protons and the multiplet (1.8 ppm) that integrates to 1 proton 
suggest the presence of an isopropyl group. 


Because we are told that the compound is an alcohol, the other signal that integrates to 1 proton (the triplet 
at 2.4 ppm) must be due to the OH proton. The fact that the signal is a triplet indicates that the OH group is 
probably attached to a methylene group. 


The signal for the methylene group must be the remaining signal at 3.4 ppm because it integrates to 
2 protons. The relatively high-frequency chemical shift confirms that the methylene group is attached to 
the oxygen. 


Putting together the isopropyl group and the methylene group that is attached to an OH group identifies the 


compound as 2-methyl-1-propanol. 
E ӨН 


The protons that are responsible for the doublet (1.2 ppm) that integrates to 6 protons must be adjacent to 
a carbon that is attached to only one proton. Because the spectrum does not have a signal that integrates to 
one proton, the compound must have two methyl groups in the same environment. Each methyl group must 
be adjacent to a carbon that is attached to one proton, and those two single protons must be in identical 
environments. 
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Because the compound must ђе symmetrical, the two oxygens in the compound must be due to two OH groups 
in identical environments. The hydrogens of the OH groups give a singlet (3.8 ppm) that integrates to 2 protons. 


H н E 1 
uc HE Cd. 
H H H 


The protons that give the triplet (2.6 ppm) must be bonded to a carbon that is adjacent to a total of two protons. 
Because the triplet integrates to 2 protons, it must be due to a methylene group that connects the two pieces. 


yg t 
Как 
H H H H H 


H 


This structure is confirmed by the relatively high-frequency multiplet (4.2 ppm) that is given by the protons 
attached to the carbons that are attached to the OH groups. The signal for these protons is split by both the 
adjacent methyl group and the adjacent methylene group. 


The absorption in the IR spectrum at ~ 1650 ст”! could be due to either a carbonyl group ог an alkene. 
Its strength and breadth tells us that it is probably due to a carbonyl (C=O) group. The strong and broad 
absorption at ~ 3300 cm ^! that contains two broad peaks suggests two N—H bonds; thus, an NH, group is 
present. When these two groups are subtracted from the molecular formula, all that is left is С.Н... 


The triplet (~ 1.1 ppm) that integrates to 3 protons and the quartet (2.2 ppm) that integrates to 2 protons 
indicate the presence of an ethyl group; this accounts for the C,H; fragment. Thus, all the fragments of the 
compound have been identified: C =O, МН,, and CH4CH,. The compound, therefore, is propanamide. 


О 


Ce 


The presence of an amide explains the lower-than-normal frequency of the C=O stretch in the IR 
spectrum. The breadth of ће М— Н stretches confirms that these are amide N — Н stretches and not amine 
М— Н stretches. The broad singlets (6.2 and 6.6 ppm) in the NMR spectrum are given by the protons 
attached to the nitrogen. The protons resonate at different frequencies because the С— М bond has partial 
double-bond character, which causes the protons to be in different environments. 


2 


The singlet (2.3 ppm) in the first spectrum that integrates to 3 hydrogens must be due to an isolated methyl 
group. 


The triplet (1.1 ppm) that integrates to 3 protons and the quartet (2.5 ppm) that integrates to 2 protons are 
characteristic of an ethyl group. 


The singlet (4.8 ppm) that integrates to 1 proton must be due to a single hydrogen attached to nitrogen. 


| i 
me cm ЈЕ 
H H H 
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Now that the three fragments have been identified, we know that the compound is ethylmethylamine. 


H 


The second spectrum shows that a broad singlet (2.8 ppm) must be due to hydrogens that are attached to 
nitrogens. Because the signal integrates to 2 protons, we know that the compound is a primary amine. 


The triplet (0.8 ppm) that integrates to 3 protons is due to a methyl group that is adjacent to a methylene 
group. The triplet (2.7 ppm) that integrates to 2 protons must also be adjacent to a methylene group. The 
multiplet (1.5 ppm) that integrates to 2 protons is the methylene group that splits both the methyl and 
methylene groups. (The two triplets and multiplet are characteristic of a propyl group.) 


Therefore, the compound is propylamine. 


HAL 
| 
H 


The relatively weak absorption in the IR spectrum at ~ 1650 ст“ ! tells us that it is probably due to a 
carbon-carbon double bond. This is reinforced by the presence of absorptions at ~ 3080 cm !, indicating 
C—H bond stretches of hydrogens attached to 5р? carbons. 


The shape of the two absorptions at ~3300 ст! suggests the presence of an NH, group of a primary 
amine. (Compare these to the shape of the N —H stretches of an NH, group of an amide in Problem 40.) 


The three signals in the NMR spectrum between 5.0 and 6.0 ppm that integrate as a group to 3 protons 
indicate that there are three vinylic protons. Therefore, we know that the alkene is monosubstituted. 


The two remaining signals in the NMR spectrum are a doublet (3.3 ppm) and a singlet (1.3 ppm) that each 
integrate to 2 protons. Because splitting is not typically seen with protons attached to nitrogens, we can 
identify the singlet at 1.3 ppm as due to the two amine protons. The doublet must be due to a methylene 
group that is attached to an sp” carbon and split by a vinylic proton that is attached to the same carbon. The 
compound, therefore, is allylamine. 


H CHNH, 


Now we can understand why the signal at 5.9 ppm is a multiplet. This vinylic proton is split by the 
methylene group and two unique vinylic protons. The signals for the other two vinylic protons are doublets 
because each is split by the single proton attached to the adjacent sp? carbon. Notice that the higher- 
frequency doublet has the larger J value. This is the signal for the proton that is trans to its coupled proton. 


The molecular formula tells us that the compound does not have any degrees of unsaturation. Therefore, 


the oxygen must be the oxygen of either an ether or an alcohol. Because there are no signals that integrate 
to one proton, we can conclude that the compound is an ether. 
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The triplet (1.2 ppm) that integrates to 3 protons and the quartet (3.5 ppm) that integrates to 2 protons suggests 
an ethyl group. The high-frequency chemical shift of the ethyl’s methylene group and the fact that it shows 
splitting only by the three protons of the methyl group indicate that the ethyl group is next to the oxygen. 


The two remaining signals are both triplets (3.4 and 3.5 ppm), and each integrates to 2 protons. Thus, the 
signals are due to two adjacent methylene groups. Because both signals occur at high frequencies, both 
must be attached to electron-withdrawing atoms. 


Because the molecular formula tells us that the compound contains a bromine, we can conclude that the 
compound is 2-bromoethyl ethyl ether. 


WE. 
ша в 
H H H H 


The IR spectrum shows a strong and broad absorption at ~ 3300 cm !, indicating that the compound is 
an alcohol. 


The signals in the NMR spectrum between 6 and 7 ppm indicate a benzene ring. Because these signals 
integrate to a total of 3 protons, the benzene ring must be trisubstituted. 


Because the signal at 6.3 ppm is a doublet, it must be adjacent to one proton, and because the signal at 6.7 ppm is 
a triplet, it must be adjacent to two protons. Thus, the three benzene-ring protons must be adjacent to one other. 


The singlet at 8.7 ppm is the only signal in the spectrum that can be attributed to the proton of the OH group. 
Because the signal integrates to 2 protons, the compound must have two OH groups in the same environment. 


The singlet (2.0 ppm) that integrates to three protons indicates that the compound has a methyl group that 
is not adjacent to a carbon that is attached to any hydrogens. 


Therefore, we know that the three substituents that are attached to adjacent carbons on the benzene ring are 
two OH groups and а тету! group. Because the OH groups are in the same environment, the compound 
must be the one shown here. 


CH; 
HO OH 


We are told that the compound is an alcohol. Because the singlet (1.4 ppm) is the only signal that integrates 
to 1 proton, it must be the signal given by the OH group. 


We know that a triplet that integrates to 3 protons and a quartet that integrates to 2 protons are characteristic 
of an ethyl group. In this case, the triplet (0.8 ppm) integrates to 6 protons and the quartet integrates to 
4 protons. Therefore, the compound must have two ethyl groups in identical environments. 
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The only other signal in the spectrum is the singlet (1.2 ppm) that integrates to 3 protons. This signal must 
be due to a methyl group that is bonded to a carbon that is not attached to any hydrogens. 


Because the NMR spectrum does not show any additional signals, the compound must be 3-methyl-3-pentanol. 


OH 


dio dim 


The doublet (1.1 ppm) that integrates to 6 protons and the septet (~5 ppm) that integrates to 1 proton 
suggest an isopropyl group. The triplet (1.7 ppm) that integrates to 3 protons and the quartet (2.2 ppm) that 
integrates to 2 protons suggest an ethyl group. When these two groups are subtracted from the molecular 
formula, all that remains is СО». The splitting patterns tell us that the isopropyl and ethyl groups аге 
isolated from one another. We can conclude then that the compound is an ester. There are two possibilities: 


O O 
|| || 
„С PAS 
CH4CH; EE бе кз OCH,CH, 
CH; CH; 
isopropyl propanoate ethyl 2-methylpropanoate 


Because the highest-frequency signal (the septet) is given by the CH of the isopropyl group, we know 
that the CH is attached to an oxygen. Therefore, we know that the compound that gives the NMR data is 
isopropyl propanoate. 


The multiplet (6.9—7.8 ppm) that integrates to 4 protons indicates a disubstituted benzene ring. Because 
the signal is a multiplet, we know that the substituents are on either the 1- and 2-positions or the 1- and 
3-positions. If the substituents were on the 1- and 4-positions, either one singlet (if the two substituents are 
identical) or two doublets (if the substituents are not identical) would be observed. 


Three signals (1.4, 2.5, 3.8 ppm) each integrate to 2 protons. The fact that the signals are two triplets and a 
multiplet suggests that the compound has three adjacent methylene groups. (The methylene groups on the 
ends will be triplets, and the one in the middle will be a multiplet.) 


Q —CH,CH,CH,— 


From the molecular formula, we know that the compound has an oxygen. The triplet at 3.8 ppm indicates 
that that particular methylene group is next to the oxygen. The two fragment we have identified account for 
the entire molecular formula. Therefore, the compound must have the structure shown here. 


29 
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The molecular formula indicates that the compound has one degree of unsaturation. The NMR spectrum does 
not show any signals in the area expected for vinylic protons, so the compound must be either a ketone or a 
cyclic ether. A cyclic ether would be expected to have protons on adjacent carbons, so the signals would show 
splitting. Because the two signals in the spectrum are both singlets, the compound must be a ketone. 


The fact that the compound has 11 carbons and 22 hydrogens but gives only two singlets in the NMR 
spectrum indicates that the compound must be symmetrical. 


We know that a tert-butyl group gives a singlet that integrates to 9 protons. The symmetry of the 
molecule leads us to conclude that the singlet that integrates to 18 protons is due to two tert-butyl 
groups. We can then assume that the singlet that integrates to 4 protons is due to two nonadjacent 
methylene groups. 


| СН» 
CH; 


These fragments account for all atoms in the molecular formula. Therefore, the compound must be 
2,2,4,4-tetramethyl-4-heptanone. 


О 
сн, || CH, 
| У 
TE HIERO 
CH; CH; 
2,2,6,6-tetramethyl-4-heptanone 


The molecular formula has one degree of unsaturation, so it must have a carbon-carbon double bond, a 
cyclic structure, or a carbonyl group. ` 


The signal (3.8 ppm) that integrates to 4 hydrogens suggests the presence of two methylene groups in 
identical environments because a single carbon (other than the carbon in methane) cannot be attached 
to four hydrogens. The chemical shift suggests that each methylene group must be attached to an 
oxygen. Because the compound has only one oxygen, the two methylene groups must be attached to the 
same oxygen. 


—CH,—O—CH,— 
The signal (1.6 ppm) that integrates to 4 hydrogens also suggests the presence of two methylene groups 


in identical environments. The four methylene groups and the oxygen account for all the atoms in the 
molecular formula. Thus, the compound must be a cyclic ether. 


Ф. 


О 


The fact that the signal at the higher frequency is a triplet and the other signal is a multiplet confirms this 
structure. 
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50. 


51. 


Spectroscopy Problems 


Each of the doublets (7.3 and 7.7 ppm) that integrates to 4 protons is given by benzene-ring protons. 
Because a benzene ring does not have 8 protons, there must be two benzene rings in the compound. The 
doublets indicate that the benzene rings have substituents at the 1- and 4-positions and, because each 
doublet integrates to 4 protons, the two substituents on each of the benzene rings must be the same. 


{Py Xx 


The singlet (3.8 ppm) that integrates to 6 protons suggests the compound has two methyl groups in an 
identical environment. The chemical shift of the singlet indicates that each is attached to an electronegative 
atom. The molecular formula indicates that the electronegative atom is an oxygen. 


2 Eu OCH, 


When the two disubstituted benzene rings and the two СЊО groups are subtracted from the molecular 
formula, all that remains is CO. Therefore, a carbonyl group must connect the two benzene rings. 


| 
cmo- jC ў—осн, 


A. The broad singlet at ~5.2 ppm that integrates to 2 protons indicates an NH, group. The broad singlet 
at ~3.7 ppm that integrates to 1 proton indicates an OH group. Subtracting NH, and OH from the 
molecular formula leaves C,H,. The two triplets and the quintet that each integrate to 2 hydrogens 
suggests a — CH,CH,CH,— unit with a group on either end that does not cause splitting. Therefore, 
this isomer is 


но ~~ “мн, 


B. The broad singlet at ~3.7 ppm that integrates to 1 proton indicates ап NH group. The broad singlet at 
~2.0 ppm that integrates to 1 proton indicates an OH group. The 3H singlet at ~3.3 ppm indicates 
a methyl group attached to an electron-withdrawing group. Subtracting NH, OH, and CH, from 
the molecular formula leaves C,H,. The two triplets that each integrate to 2 hydrogens suggest 
a — CH,CH, — unit with a group on either end that does not cause splitting. Therefore, this isomer is 


H 
N 
но ~~ ~ 


C. The broad singlet at ~5.1 ppm that integrates to 2 protons indicates an МН, group. The singlet at 
~3.3 that integrates to 3 protons indicates a methyl group attached to an electron-withdrawing group. 
The electron-withdrawing group must be the oxygen because the nitrogen has two protons attached 
to it, so it can be attached to only one other group. Subtracting NH, and OCH, from the molecular 
formula leaves C,H,. The two triplets that each integrate to 2 hydrogens suggest a —CH,CH, — unit 
with a group on either end that does not cause splitting. Therefore, this isomer is 


О 
^7 У Хун, 
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Spectroscopy Problems 67 


The absence of an absorption band > 3000 ст“! eliminates all the structures with an O—H ог 
N —H bond. Therefore, the following compound is responsible for the spectrum. | 


The broad absorption band at ~3400 cm! is due to an О — Н bond. Therefore, the following 
compound is responsible for the spectrum. 


буч 


The two absorption bands at ~3400–3300 ст“! indicate two N — H bonds. Therefore, the following 
compound is responsible for the spectrum. 


CY" 


The absorption band at ~3400-3300 cm™! is due to one N—H bond. Therefore, the following 
compound is responsible for the spectrum. 


H 
LIC 


The two absorption bands at —3400-3300 ст! indicate two N — Н bonds. The doublet at 0.9 ppm 
indicates an isopropyl group. Subtracting NH, and (CH,),CH from the molecular formula leaves 


C,H,- Therefore, this compound is 
aulis 


The broad absorption band at ~3400–3300 ст“! is due to an O—H bond. The doublet at 0.9 ppm 
indicates an isopropyl group. Subtracting NH, and (CH,),CH from the molecular formula leaves 


C,H,. Therefore, this compound is 
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54. 


55. 


56. 


57. 


Spectroscopy Problems 


A. The broad singlet at ~2.0 ppm indicates an N — Н bond. The compound has 23 hydrogens but only 


B. 


4 additional signals, suggesting that it is a symmetrical compound. The doublet at 0.9 ppm indicates 
an isopropyl group. The triplet at ~2.6 ppm indicates a group split only by an adjacent CH, group. 


Therefore, this compound is 
кА 
Н 


This spectrum is similar to the spectrum in part A. However, the signal indicating a hydrogen bonded 
to a nitrogen is missing, and the triplet that indicates a group split only by an adjacent CH, group is at a 
higher frequency (~3.4 ppm), indicating that it is adjacent to the oxygen. Therefore, this compound is 


Paps 


D.J. made the mistake of thinking that the H, and H, protons are equivalent. This made him conclude 


that there would be only 2 signals in the spectrum. However, the H, and H, protons are not in the same 


environment—H, is trans to Br, and Н, is cis to Br. Therefore, there are 3 signals and each is a multiplet. 


Although D.J. is now more experienced, he made the same mistake, still thinking that the H, and H, protons 
are equivalent. The Н, and Н, protons are not in the same environment —H, is trans to OH, and H, is cis to 
OH. Therefore, there are 3 signals (all multiplets) in addition to the signal for the H that is attached to the 


oxygen. 
но, He 
Ал | 
А. The highest-frequency signal is for the Н that is attached to the same carbon that Br is attached to. 


The signal at ~0.9 ppm that integrates to 3 hydrogens is a methyl group that is attached to a CH, 
group. The signal at ~2.8 ppm that integrates to 3 hydrogens is a methyl group that is close to 
an electron-withdrawing group. Integration shows that the compound has two CH, groups. Thus, 
compound A is 

Br 


AX 
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Spectroscopy Problems 69 


B. The 6H triplet at ~1.1 ppm indicates two methyl groups in the same environment. There are also two 
СН, groups in the same environment. Thus, compound В is 


CHyCH2CHCH2CHs 
Br 


The reaction that produces A and B is 


CH3CH = CHCH,CH3 + HBr 


CH;CHCHCH;CH; + CH;CH;CHCH;CH; 
Br Br 


C. The 6H singlet at ~2.8 ppm indicates 2 methyl groups that are attached to a carbon that is not attached 
to a hydrogen. Because the signal is at a higher frequency than expected for a methyl group, the carbon 
must be attached to an electron-withdrawing group (a Br). Integration shows that the compound has a 
CH, group and another methyl group. Therefore, compound C is 


Br 


» 


D. The 6H doublet at 0.9 ppm indicates an isopropyl group. The compound has a third methyl group as 
well as two carbons that are attached to only one H. Therefore, compound D is 


Br 


The reaction that produces C and D is 


Br 
pup + HBr x + 


1 


Вг 


The strong absorption band at ~ 3400 ст is due to an OH group, which also gives the ІН singlet. The 
6H singlet is due to two methyl groups that are attached to a carbon that is not attached to a hydrogen. This 
information and the molecular formula give two possible structures for the compound: 


OH Cl 
<a ог О „он 
The absence of a molecular ion peak suggests that the compound might be an alcohol. Subtracting 84 from 


the molecular ion (102 - 84) = 18 shows that the peak at m/z = 84 results from loss of water from the 
molecular ion, confirming that the compound is an alcohol. 


In order to lose water, the alcohol must have a y-hydrogen. The rule of 13 gives a molecular formula of 
C;H,,. Because we know that the compound is an alcohol, we must add ап О and subtract a С and 4 Hs 


from the molecular formula, resulting in a molecular formula of СНО. 
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The molecular ions of three alcohols with molecular formula C,H,,O and а y-hydrogen are shown below. 
a-Cleavage of the first alcohol results in a peak at m / z—31; a-cleavage of the second alcohol results in peaks at 
m/z — 45 and 87; a-cleverage of the third alcohol results in a peak at m/z — 73. 


T 
CH3CH;5CH;CH; CH;?CH;0H CH3CH;CH;CH;CHCH; 
*OH 
a-cleavage 
a-cleavage 


CH,CH;CH,CH,CH, + CH;=OH . 
m/z = 31 СН»СН»СН»СН» + СН»СН —OH 


m/z = 45 
+ 
"СН; + СЊСЊСЊСЊЕСЕН = OH 
m/z = 87 
CH3CH;CH;CHCH;CH;CH; 
*OH 
a-cleavage 


CH;CH,CH) + CH,CH;CH;CH —ÓH 
m/z = 73 
Therefore, the alcohol that gives the mass spectrum is 


CHyCH,CH,CHCHCH; 
OH 


60. A shows an absorption for a double bond but not for an OH group. Therefore, A must be a tertiary 
alkyl halide (2-bromo-2-methylpropane) because tertiary alkyl halides undergo only elimination with a 
strong base. 


В shows an absorption for an OH group but not for a double bond. Therefore, B must be a primary alkyl 
halide (1-bromobutane) because primary alkyl halides undergo primarily substitution. 


C shows an absorption for a double bond and for an OH group. Therefore, C must be a secondary alkyl 
halide (2-bromobutane) because secondary alkyl halides undergo both substitution and elimination. 


61. The strong and broad absorption bands at —3400 ст“! indicate that A and B are the spectra of alcohols. 
The absorptions in Spectrum A at a little <3000 ст“! indicate hydrogens attached to sp? carbons, and the 
absorption at 1600 стг! indicates a benzene ring. Spectrum B has neither of these absorptions. Therefore, 


А is the spectrum of Compound 2. 
B is the spectrum of Compound 4. 


The strong absorption at —1700 cm indicates that C, D, and E are the spectra of compounds with a 
carbonyl group. The broad absorption at ~3000 ст! indicates that 


E is the spectrum of a carboxylic acid (Compound 5). 
The absorption at ~2700 ст“! indicates that 


D is the spectrum of an aldehyde (Compound 3). Therefore, 
C is the spectrum of Compound 1. 
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Spectroscopy Problems 71 


The three signals in the 'H NMR spectrum at 5.9-6.3 ppm are due to three vinylic hydrogens. The 3H 
signal in the 'Н NMR spectrum at 2.3 ppm is due to a methyl group close to an electron-withdrawing 
group. The signal in the °C NMR spectrum at ~200 ppm indicates a carbonyl carbon. Putting the pieces 
together results in the following compound. 


О 
He 
No / PCH: 
с=< 
4 UN 
H H 


The strong and broad absorption band at ~3400 ст! indicates that the compound is an alcohol. The 
compound loses water when it is heated with H,SO,, forming a compound with six carbons that has only 
one kind of hydrogen and two kinds of carbon atoms. The reactant and product are shown below. 


OH Н,50, 
и А 


The IR absorption bands at 1600 ст ! , 1500 ст“ !, and 3030 ст! indicate a benzene ring. This 
is confirmed by the two doublets between 7.1 and 7.9 ppm in the 'H NMR spectrum that indicate a 
1,4-disubstituted benzene. The IR absorption band at 1690 стг! indicates a ketone carbonyl group with 
significant single-bond character. Therefore, the carbonyl group must be attached to the benzene ring. The 
two 6H doublets indicate two isopropyl groups. The septet at ~4.8 ppm indicates that one of the isopropyl 
groups is attached to an electron-withdrawing group. The structure of the compound is shown below. 


ir 


The IR absorption band at 1730 ст”! indicates a carbonyl group, the IR absorption bands at 
2700-2800 ст! indicate an aldehyde, and the IR absorption bands at 1600 ст! and 1500 ст“! 
indicate a benzene ring. The two doublets between 7.5 and 7.9 ppm in the 'H NMR spectrum indicate 
a 1,4-disubstituted benzene. The doublet at 1.2 ppm and the multiplet at 5.0 ppm indicate an isopropyl 
group. The structure of the compound is shown below. 


О 
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CHAPTER 1 


Remembering General Chemistry: Electronic Structure and Bonding 


Important Terms 


antibonding molecular 
orbital 


atomic number 
atomic mass 


atomic orbital 


aufbau principle 


bond dissociation energy 


bonding molecular orbital 


bond length 


bond order 
carbanion 
carbocation 
condensed structure 
core electrons 
covalent bond 
degenerate orbitals 
dipole 

dipole moment (и) 


double bond 


a molecular orbital that results when two atomic orbitals with opposite phases 
interact. Electrons in an antibonding orbital decrease bond strength. 


the number of protons (or electrons) that a neutral atom has. 
the average mass of the atoms in the naturally occurring element. 


an orbital associated with an atom; the three-dimensional area around its nucleus 
where electrons are most likely to be found. 


the principle that states that an electron will always go into the available orbital 
with the lowest energy. 


the amount of energy required to break a bond in a way that allows each of the 
atoms to retain one of the bonding electrons; the amount of energy released when 


a bond is formed. 


a molecular orbital that results when two atomic orbitals with the same phase 
interact. Electrons in a bonding orbital increase bond strength. 


the internuclear distance between two atoms at minimum energy (maximum 
stability). 


describes the number of covalent bonds shared by two atoms. 

a species containing a negatively charged carbon. 

a species containing a positively charged carbon. 

a structure that does not show some (or all) of the covalent bonds. 
electrons in filled shells. 

a bond created as a result of sharing electrons. 

orbitals that have the same energy. 

a separation of positive and negative charges. 

a measure of the separation of charge in a bond or in a molecule. 


a bond composed of a sigma bond and a pi bond. 
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electronegative 
electronegativity 
electrostatic attraction 


electrostatic potential map 
(potential map) 


equilibrium constant 


excited-state electronic 
configuration 


formal charge 


free radical (radical) 


ground-state electronic 
configuration 


Heisenberg uncertainty 
principle 


Hund's rule 


hybrid orbital 
hydride ion 
hydrogen ion (proton) 


ionic compound 


ionization energy 
isotopes 

Kekulé structure 
Lewis structure 


lone-pair electrons 
(nonbonding electrons) 
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. describes an element that readily acquires an electron. 


the tendency of an atom to pull electrons toward itself. 
an attractive force between opposite charges. 


a map that shows how electrons are distributed in a molecule. 


the ratio of products to reactants at equilibrium. 


the electronic configuration that results when an electron in the ground state has 
moved to a higher-energy orbital. 


the number of valence electrons — (the number of nonbonding electrons + the 
number of bonds). 


a species with an unpaired electron. 


a description of the orbitals the electrons of an atom occupy when they are all in 
their lowest available energy orbitals. 


a principle that states that both the precise location and the momentum of an 
atomic particle cannot be simultaneously determined. 


a rule that states that when there are degenerate orbitals, an electron will occupy an 
empty orbital before it will pair up with another electron. 


an orbital formed by hybridizing (mixing) atomic orbitals. 
a negatively charged hydrogen (a hydrogen atom with an extra electron). 
a positively charged hydrogen (a hydrogen atom without its electron). 


a compound composed of a positive ion and a negative ion held together by 
electrostatic attraction. 


the energy required to remove an electron from an atom. 
atoms with the same number of protons but a different number of neutrons. 
a model that represents the bonds between atoms as lines. 


a model that represents the bonds between atoms as lines or dots and the lone-pair 
electrons as dots. 


valence electrons not used in bonding. 
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mass number 
molecular mass 
molecular orbital 
molecular orbital (MO) 
theory 

node 

nonbonding electrons 
nonpolar covalent bond 


octet rule 


orbital 
orbital hybridization 


organic compound 


Pauli exclusion principle 


pi (77r) bond 
polar covalent bond 


potential map 


(electrostatic potential map) 


proton (hydrogen ion) 


quantum mechanics 


radical (free radical) 
sigma (с) bond 
single bond 


Skeletal structure 


the number of protons plus the number of neutrons in an atom. 
the sum of the atomic masses of all the atoms in the molecule. 


an orbital associated with a molecule that results from the combination of atomic 
orbitals. 


a theory that describes a model in which the electrons occupy orbitals as they do in 
atoms but the orbitals extend over the entire molecule. 


a region within an orbital where there is zero probability of finding an electron. 
valence electrons not used in bonding. 

a bond formed between two atoms that share the bonding electrons equally. 

a rule that states that an atom will give up, accept, or share electrons to achieve a 
filled outer shell (or an outer shell that contains eight electrons) and no electrons of 
higher energy. Because a filled second shell contains eight electrons, this is known 
as the octet rule. 

the volume of space around the nucleus where an electron is most likely to be found. 
mixing of atomic orbitals. 


a compound that contains carbon. 


a principle that states that no more than two electrons can occupy an orbital and 
that the two electrons must have opposite spin. 


a bond formed as a result of side-to-side overlap of p orbitals. 
a bond formed between two atoms that do not share the bonding electrons equally. 


a map that allows you to see how electrons are distributed in a molecule. 


a positively charged hydrogen ion. 


the use of mathematical equations to describe the behavior of electrons in atoms or 
molecules. 


a species with an unpaired electron. 
a bond with a symmetrical distribution of electrons about the internuclear axis. 
a pair of electrons shared between two atoms. 


shows the carbon-carbon bonds as lines but does not show the carbons or the 
hydrogens that are bonded to the carbons. 
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tetrahedral bond angle 
tetrahedral carbon 
trigonal planar carbon 
triple bond 

valence electron 
valence-shell electron-pair 
repulsion (VSEPR) model 
wave equation 


wave functions 
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the bond angle (109.5?) formed by an sp? hybridized atom that has no lone pairs. 
a carbon that forms covalent bonds using four sp? hybrid orbitals. 
an sp? hybridized carbon. 
a bond composed of a sigma bond and two pi bonds. 
an electron in an outermost shell. 
a model for the prediction of molecular geometry based on the minimization of 
electron repulsion between bonding electrons and nonbonding electrons around 
an atom. 


an equation that describes the behavior of each electron in an atom or a molecule. 


a series of solutions to a wave equation. 
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Chapter 1 


Solutions to Problems 


1. 


The atomic number = the number of protons. 
The mass number = the number of protons + the number of neutrons. 
All isotopes have the same atomic number; in the case of oxygen, it is 8. Therefore: 


The isotope of oxygen with a mass number of 16 has 8 protons and 8 neutrons. 
The isotope of oxygen with a mass number of 17 has 8 protons and 9 neutrons. 
The isotope of oxygen with a mass number of 18 has 8 protons and 10 neutrons. 


The number of protons an element has never changes. The number of electrons depends on the charge on 
the element. 

а. 1. 1 2. 18 3. 17 

b 1. 10 2. 18 3. 18 


(percentage of naturally occurring ??C] X atomic mass of СТ) + 
(percentage of naturally occurring ?"Cl X atomic mass of CI) 


(.7577 X 34.969) + (.2423 x 36.966) 
(26.496 + 8.957) = 35.45 


АП four atoms have 2 core electrons in their filled first shell. (Notice that because the four atoms in the 
question are in the same row of the periodic table, they have the same number of core electrons.) The elec- 
trons that are not in a filled shell are valence electrons. 

a. 3 b. 5 c. 6 d. 7 


a. Use the aufbau principle (electrons go into available orbitals with the lowest energy) and the Pauli exclusion 
principle (no more than two electrons are in each atomic orbital). The relative energies of the orbitals: 


Is < 2s < 2p < 35 < 3p < 4s < за < 4p < 5s < 4d < Sp 


Remember that each shell has опе s atomic orbital and three degenerate р atomic orbitals. The third 
and fourth shells also have five degenerate d atomic orbitals. 


Cl 152 2s* 2p° 352 3р? 
Вг 152252 2p® 352 Зрб 349 452 4p? 
I 152 252 2р® 352 3p6 3410 452 Арб 4410 552 5р? 


b. They each have 7 electrons in their outer shell; in each case, 2 are in an 5 orbital and 5 are in p orbitals. 
Notice that because the 3 elements all are in the same column of the periodic table, they have the same 
number of valence electrons. 


The atomic numbers can be found in the periodic table on the last page of the text. Notice that elements 
in the same column of the periodic table have the same number of valence electrons and that their valence 
electrons are in similar orbitals. 


a. carbon (atomic number = 6; 2 соге, 4 valence): 152 252 2p? 
silicon (atomic number = 14; 10 core, 4 valence): 1s? 25° 2рб 35° 3p? 
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b. oxygen (atomic number = 8; 2 соге, б valence): 152 252 2p* 
sulfur (atomic number = 16; 10 core, 6 valence): 152 252 2p6 352 3p* 


с. nitrogen (atomic number = 7; 2 core, 5 valence): 152 252 2p? 
phosphorus (atomic number = 15; 10 соге, 5 valence): 152 2s? 2p® 352 3p? 


d. magnesium (atomic number = 12; 10 core, 2 valence): 152 252 2р6 352 
calcium (atomic number = 20; 18 соге, 2 valence): 152 252 2р6 352 Зрб 457 


a. Potassium is іп the first column of the periodic table; therefore, like lithium and sodium that аге also іп 
the first column, potassium has one valence electron. 
b. It occupies a 4s orbital. 


The polarity of a bond can be determined by the difference in the electronegativities (given in Table 1.3 on 
page 10 of the text) of the atoms sharing the bonding electrons. The greater the difference in electronega- 
tivity, the more polar the bond. 

а. Cl— СН. b. H— OH с. Н—Е d. CI—CH; 


The electronegativity differences in the four listed compounds are as follows: 


KCl 30— 08 —22 

LiBr 28— 1.0 = 1.8 
Nal 2.5 – 09 = 1.6 
Cl 3.0-30=0 


а. КС! has the most polar bond because its two bonded atoms have the greatest differences 
in electronegativity. 
b. Cl, has the least polar bond because the two chlorine atoms share the bonding electrons equally. 


Solved in the text. 


To answer this question, compare the electronegativities of the two atoms sharing the bonding electrons 
using Table 1.3 on page 10 of the text. 


ô- & 5- 8+ ô ô- 5+ ô- 
а. НО—Н b. Е— Вг с. НЊС— МН, а. НЗС — СІ 
ó- d+ ô- 5+ 5+ ô- 6+ 6- 

e. HO—Br f. H3C—Li g. I—CI h. HjN— OH 


(Notice that if the two atoms being compared are in the same row of the periodic table, the atom farther to 
the right is the more electronegative atom; if the atoms being compared are in the same column, the one 
closer to the top of the column is the more electronegative atom.) 


Solved in the text. 
The dipole moment is the magnitude of the charge times the distance between the charges. Because fluo- 
rine is more electronegative than С], the charge on Н and F in HF is larger than the charge on Н and Cl in 


НСІ. The larger charge on Е compared to the charge on Cl is more than enough to make up for the fact that 
Н —F is a shorter bond than Н — СІ. 
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15. 


16. 


17. 


Chapter 1 


a. LiH and HF are polar (they have а red end and a blue end). 

b. A potential map marks the edges of the molecule's electron cloud. The electron cloud is largest around 
the hydrogen in LiH, because that hydrogen has more electrons around it than do the hydrogens in the 
other molecules. 

c. Because the hydrogen of HF is blue, we know that this compound has the most positively charged 
hydrogen and, therefore, will be most apt to attract a negatively charged species. 


By answering this question, you will see that a formal charge is a bookkeeping device. It does 
not necessarily tell you which atom has the greatest electron density or is the most electron deficient. 

a. oxygen b. oxygen (it is more red) 

с. oxygen d. hydrogen (itis the deepest blue) 


Notice that in the hydroxide ion, the atom with the formal negative charge is the atom with the greater 
electron density. In the hydronium ion, however, the atom with the formal positive charge is not the most 
electron-deficient atom. 


formal charge — number of valence electrons 
— (number of lone-pair electrons + the number of bonds) 


In all four structures, every Н is singly bonded and thus has a formal charge = 1 — (0 + 1) = 0. 
Similarly, all CH; carbon atoms have four bonds and a formal charge = 4 — (0 + 4) = 0. 
The formal charges on the remaining atoms: 


LO |. | 
а. сњ—0—сњ b. HEH с. CH,—N—CH, d. H—N-B-H 
H H CH; H H 
formal charge on O formal charge on C formal charge on N formal charge on 
6–(2+3= +1 4-(2+3)=-1 5- (0+4) = +1 N:5 — (0+ 4) = +1 


В:3—(0+4) = -1 
The bond between two atoms can be shown by a pair of dots or by a line, so there are two ways each of the 
answers can be written. Remember that all lone pairs have to be shown. 


a. О: соң H БА е. 4 Н He, 2. Ө: 
ЗОО: E CN 10:C:0:H 
Q:N:O АН АН CO 
or or or or 
ii 1 | j 
Ив: н-с-С H-C-N-H :)—c—0—H 
+ 
H H H H 
+ Н+ 
b. :О:М:О а. H:C:C:H f. Ма“ :О:Н h О 
Н Н H:C 0: 
ог ог ог 
H or 
"PN |+ -.. 
:0=мМ=О: неон Ма" :Q—H | 
—с—0: 
H H H—C—Q 
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| ог 
LI Lad 
син ок аи and a на 
H H H H 
H:C:C:C:0:H and H:C:C:0:C:H and H:C:C:C:H 
HHH HH H H:0: H 
H 
or 
iti i P 
аа. апа x a апа Het еп 
H H H H H H P: H 
H 


Because the compounds are neutral, a halogen has 3 lone pairs, an oxygen has 2, a nitrogen has 1, and a 
carbon or a hydrogen has no lone pairs. 


d. 


а. 


CH3CH;NH; b. CH3NHCH4 c. CH4CH;OH 
CH30CH; e. CH;CH,C1: f. HONH, 
| | 
CH3CH;CH;CI b. CH,COCH;CH, е. CH;CH,CNCH/CH; d. CH;CH,C=N 
CH; 
the (green) chlorine atom c. the (blue) nitrogen atoms 
the (red) oxygen atoms d. the (black) carbon atoms and (gray) hydrogen atoms 
| 
MESE dd 
m S стасао c. йай NS 
H H H H H H EN dos 
H 
1 
lod БЕ qe qr 
EU эй а. D A A o XD — 
Н H—C—H H ш д. H H H 
| 
H H 
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23. 


24 


25. 


26. 


27. 


28. 


29. 


30. 


31. 


32. 


Chapter | 


O 


O 
a. и" b. T MN c. Aw d. ~ Sn 


X (04 


a ball larger than a ball larger than the 
the ball that represents ball that represents 
а 25 orbital а 3s orbital 


He} has three electrons. Using Figure 1.3 on page 23 of the text, two electrons will be in a bonding molec- 
ular orbital and one electron will be in an antibonding molecular orbital. Because there are more electrons 
in the bonding molecular orbital than in the antibonding molecular orbital, Не exists. 


a. m* This involves out-of-phase interaction of atomic orbitals (the interacting orbitals have different 
colors), leading to an antibonding molecular orbital. Because this example involves the side-to- 
side overlap of p orbitals, it is а 7* antibonding molecular orbital. 

b. 7 This involves in-phase overlap of atomic orbitals (the overlapping orbitals have the same color), 
leading to a bonding molecular orbital. Because this example involves the side-to-side overlap of 
p orbitals, it is a 7z bonding molecular orbital. 

c. o* This involves out-of-phase interaction of atomic orbitals (the interacting orbitals have different 
colors), leading to an antibonding molecular orbital. Because this example involves the end-on 
overlap of atomic orbitals, it is а с* antibonding molecular orbital. 

d. c This involves in-phase overlap of atomic orbitals (the overlapping orbitals have the same color), 
leading to a bonding molecular orbital. Because this example involves the end-on overlap of 
atomic orbitals, it is а с bonding molecular orbital. 


The 3 carbon-carbon bonds form as a result of sp?—sp? overlap. 
The 7 carbon-hydrogen bonds form as a result of sp^—s overlap. 


The electron density of the large lobe of an sp? orbital (the lobe that overlaps the s orbital) is greater than 
the electron density of a lobe of a p orbital. Therefore, the overlap of an s orbital with an sp? orbital forms 
a stronger bond than does the overlap of an s orbital with a p orbital. 


Solved in the text. 


a. One s orbital and three p orbitals form four sp? orbitals. 
b. Ones orbital and two p orbitals form three sp? orbitals. 
c. One 5 orbital and one p orbital form two sp orbitals. 


a(1). Solved in the text. 
b(1). Solved in the text. 


a(l) Тһе first attempt at drawing a Lewis structure results in a carbon that does not have a complete octet 
and does not form the needed number of bonds. 


n 
H—C—O0—H 
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b(1). 


a(2). 


b(2). 


a(3). 


b(3). 


а(4). 


544). 
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Using one of oxygen’s lone pairs to put a double bond between the carbon and oxygen solves both 
problems. 


H—C—0—H 


The р? hybridized C=O carbon has 120° bond angles, uses sp? orbitals to form the three с bonds, 
a p orbital to form the т bond, and has bond angles of 120°. 


In order to fill their octets and form the required number of bonds, carbon and nitrogen must form 
a triple bond. 
H—C=N: 


Because the carbon is sp hybridized, the carbon uses sp orbitals to form the two с bonds and 
p orbitals to form the two 7r bonds. The bond angle is 180°. 


180° 
as 
H—C=N: 
The carbon forms four bonds, and each chlorine forms one bond. 
ni 
ClCH 
:СЕ 


The carbon uses sp? orbitals to form the bonds with the chlorine atoms, so the bond angles are 


all 109.5°. .. 
СТ 
[> 109.5° 


To NU: 


oe ee 
. 


CE 
The first attempt at drawing a Lewis structure (and remembering to avoid oxygen-oxygen single 
bonds) results in a carbon that does not have a complete octet and does not form the needed number 
of bonds. " 
T: 

H—Ö—C—Ö—H 
Using one of oxygen’s lone pairs to put a double bond between the carbon and the oxygen solves 
both problems. 

"E M 
H—O0—C—O0-—H 


The carbon uses sp? orbitals to form the three с bonds and a p orbital to form the т bond. The bond 
angles are 120°. 
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33. 


36. 


37. 


38. 


39. 


Chapter 1 


а. 
с. 


120° b. 120° 
Because the carbon is sp? hybridized and it has one lone pair, you can predict that the bond angle is 
similar to that in NH; (107.3°). 


The nitrogen atom has the greatest electron density. 
The hydrogens are the bluest atoms. Therefore, they have the least electron density. In other words, they 
have the most positive (least negative) electrostatic potential. 


Water is the most polar—it has a deep red area and the most intense blue area. 
Methane is the least polar—it is all nearly the same color (green) with no red or blue areas. 


Solved in the text. 


Electrons in atomic orbitals farther from the nucleus form longer bonds; they also form weaker bonds due 
to less electron density in the region of orbital overlap. Therefore: 


relative lengths of the bonds in the halogens: Br, > Cl, 
relative strengths of the bonds: Cl, > Br, 


relative lengths: CH; —Br > СН, — СІ > СЊ—Е 
relative strengths: CH; —F > СН, — СІ > СН; — Вг 


longer: 1. С—1 2. C—Cl 3. H—Cl 
stronger: 1. С—а 2. С—С 3. H—F 


СН.О- 

The carbon in C, is bonded to four atoms, so it uses four sp? orbitals. 

Each carbon-hydrogen bond is formed by the overlap of an sp? orbital of carbon with the s orbital of 
hydrogen. The carbon-oxygen bond is formed by the overlap of an sp? orbital of carbon with an sp? 
orbital of oxygen. Because the four sp? orbitals of carbon orient themselves to get as far away from 
each other as possible, the bond angles are all 109.5". 


О 


С...., 
H^ H 
\н 
bond angles = 109.5° 


СО, 

The carbon in СО; is bonded to two atoms, so it uses two sp orbitals. Each carbon-oxygen bond is а 
double bond. One of the bonds of each double bond is formed by the overlap of an sp orbital of carbon 
with an sp? orbital of oxygen. The second bond of the double bond is formed as а result of side-to-side 
overlap of a p orbital of carbon with a p orbital of oxygen. Because carbon’s two sp orbitals orient 
themselves to get as far away from each other as possible, the bond angle in CO, is 180°. 


О=<С=0 
bond angle = 180° 
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с. Н,СО 
The double-bonded carbon and the double-bonded oxygen in H,CO each uses sp? orbitals; thus, the 
bonds around the double-bonded carbon are all 120°. Each carbon-hydrogen bond is formed by the 
overlap of an sp? orbital of carbon with the s orbital of hydrogen. 


the o bond is formed by sp?— sp? overlap 
the z bond is formed by р-р overlap 


sp^—s overlap m 
х | all bond angles аге 120° 
~ 


нон 


sp^-s overlap 
d. № 
The triple bond consists of опе с bond and two т bonds. Each nitrogen has two sp orbitals; one is used to 
form the о' bond, and the other contains the lone pair. Each nitrogen has two p orbitals that are used to form 
the two 7r bonds. A bond angle is the angle formed by three atoms. Therefore, there are no bond angles in 
this two-atom containing compound. 


:М=\М: theo bond is formed by sp-sp overlap 
each 7r bond is formed by р-р overlap 


e. BF, 
Promotion gives boron three unpaired electrons, and hybridization gives it three sp? orbitals. 


18 2s 2p, 2p, ls 2s 2p, 2p, ds 2sp? 2sp? 2sp? 


lg wp =) a ВЫ ти 


Each sp? orbital of boron overlaps an sp? orbital of fluorine. The three sp? orbitals orient themselves to 
get as far away from each other as possible, resulting in bond angles of 120°. 


hybridization 


bond angles = 120° 


40. Solved in the text. 


41. We know that the с bond is stronger than the т bond, because the с bond in ethane has a bond dissociation 
energy of 90.2 kcal/mol, whereas the bond dissociation energy of the double bond (о + 7) in ethene is 
174.5 kcal/mol, which is less than twice as strong. 
Because the ø bond is stronger, we know that it has more effective orbital-orbital overlap. 


42. Because electrons in an s orbital are closer on average to the nucleus than those in a p orbital, the greater 
the s character in the interacting orbitals, the stronger (and shorter) the bond. Therefore, the carbon- 
carbon ø bond formed by sp^—sp? overlap is stronger (and shorter) than the carbon-carbon bond formed by 
sp?—sp? overlap, because an sp? orbital has 33.346 s character, whereas an sp? orbital has 2596 s character. 
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43. 


44. а. CH3;CHCH=CHCH,C=CCH; 
CH; sp? 


3 
sp? A SP 
N 
sp3 | 
~H, 


c. the nitrogen and chlorine atoms 


45. The bond angle depends on the central atom. 
a. р? nitrogen with no lone pair: 109.5? c. 5р? carbon with no lone pair: 109.5? 
b. sp’ nitrogen with one lone pair: 107.3? d. 5р? carbon with no lone pair: 109.5? 


46. a, e, g, and h have a dipole moment of zero because they are symmetrical molecules. 


H H H H F 
H—C | Н ^c c^ CI — Be— С] | 
—с—с— = = ТОРЕ 
| | u^ “н F “р 
H H 


47. The electrostatic potential map of ammonia is not symmetrical in the distribution of the charge—the 
nitrogen is more electron rich and, therefore, more red than the three hydrogens. Therefore, its shape, 
which indicates charge distribution, is not symmetrical. 


The electrostatic potential map of the ammonium ion is symmetrical in the distribution of the charge, so its 
shape is symmetrical. Its symmetry results from the fact that nitrogen forms a bond with each of the four 
hydrogens and the four bonds point to the corners of a regular tetrahedron. The nitrogen in the ammonium 
ion has significantly lower electron density than the nitrogen in ammonia as a result of the lone pair having 
formed a bond to hydrogen. 
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49. 


50. 


51. 


52. 


53. 


54. 


55. 


Chapter 1 85 


The atom with the greater electronegativity will decrease the electron flow toward the electronegative F 
atom, giving the compound a smaller dipole moment. Since CHF has a smaller dipole moment than СРЗЕ, 
we know that hydrogen is more electronegative than deuterium. 


а. H:N:N:H or H—N—N—H с. H:N:N:H or H—N=N—H 
НН | | 
д. Q:C:Ó or О=<=0 
О: || e. НОС: or H—O—CI 


b. 36:26: or 30—C—0: 
а. CH3NH,, CHF, CH30H b. СЊЕ 


If the central atom is sp? hybridized, the bond angle will depend on the number of lone pairs it has: no lone 
pairs = 109.5°; one lone pair = 107.3°; two lone pairs = 104.5°. 


a. ѕр?, 107.3° e. sp’, 109.5° i. sp’, 107.3° 

b. sp?, 120° f. sp’, 120° j- 5р?, 120° 

c. sp’, 107.3? g. sp,180? 

d. sp? 120° h. sp’, 109.5? 

a. CH;CH;CH; b. CH4CH-—CH; c. СНЗСЕЕССНз or CH;CH,C=CH 


The hybridization of the central atom determines the bond angle. If the hybridization is sp”, the number of 
lone pairs on the central atom determines the bond angle. 


a. 109.5? b. 104.5°* c. 107.» d. 107.3? 


* 104.5? is the correct prediction based on the bond angle in water. 
However, the bond angle is actually somewhat larger ( 108.2?) because the bond opens up to minimize the 
interaction between the electron cloud of the relatively bulky CH; group. 


15 2s 2р, 2p, 2p. 3s 3p, 3p, 3p, 


м РЕМ ON Won 15 2s? 2р° 357 


b са HH WoW of tf WI 122222652 зр 
см О У d esas 
а. ме | И ЊЕ 182 252 2p 
Н 
H | us iocus А 
а. H:GEN:H ог H—C—N—H с. № ЕН or Na :N—H 
HH | | Н | 
H H H 
b H—O—N=O d. HN: or H—N—O: 
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56. 


57. 


58. 


59. 


60. 


61. 


62. 


The greater the electronegativity difference between the two bonded atoms, the more polar the bond. 
(See Table 1.3 on page 10.) 


a. 


b 
с. 
а 


СЕ > 
с=с > 
H—O > 
См. > 
:0: 

| | 
d MS 

H 

О 


сњен=<Н, 


О <= sp? 


CH3CCH3 


107.3° 
+e 
Н.С — Вг 


—— 
H3C— Li 


C—O > C—N 
C—Br > CI 
H—N > H—C 
C—H > С—С 


с. CH3CH;0H 


5р 


| 


b. 109.5? c. 180° 


——+ 
с. HO— МН, 


<= 
d. I— Br 
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H—C—C—O—H 


e СН:СН= №СН; 


sp? 


f. CH4OCH;CH, 


d. 109.5? 


= 


—— 
f. (CH3))N—H 


63. 


64. 
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formal charge = number of valence electrons 
— (number of lone-pair electrons + the number of bonds) 


In all four compounds, H has a single bond and is neutral and each C has four bonds and is neutral. 
Thus, the indicated formal charge is for O or N. 


H H H H 
a. tcn b. cct c. де гй d. pea 
H H H H H H 
formal charge formal charge formal charge formal charge 
6–(4+2)=0 6- (2+3) =+1 6-(6+1)=-1 5- (2+3) =0 


The open arrow in the structures points to the shorter of the two indicated bonds in each compound. 


sp? sp sp? || Н. sp 
1. CH;CH=CHC=CH 4. С=СНС=Е С-Н 
5р 5р u^ sp? sp) P 
sp? 
О sp? . CH3 
== || sp? н sp sp | 
2. CH3CCH;OH 5. C=CHC=C—C—H 
sp? J sp? н“ 5р2 зр? | 
5р? СН» 
3) 
5р 
3, CH3NHCH;CH;N =СНСН» 6. — 4 Cl 
sp? sp? sp? sp? sp? sp? sp? Sp? sp? sp? 
For 1, 2, and 3: A triple bond is shorter than a double bond, which is shorter than a single bond. 
For 4 and 5: The greater the s character in the hybrid orbital, the shorter the bond formed 
using that orbital, because an s orbital is closer than a p orbital to the nucleus. 
Therefore, the bond formed by a hydrogen and an sp carbon is shorter than the bond 
formed by a hydrogen and an sp? carbon, which is shorter than the bond formed by a 
hydrogen and an sp? carbon. (See Table 1.7 on page 42 of the text.) 
For 6: Cl forms a bond using a 3sp? orbital, and Br forms a bond using a 4sp? orbital. 


Therefore, the C — Cl bond is shorter. 
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65. 


66. 


67. 


68. 


69. 


70. 


Chapter 1 


а. Н 


а 


highest dipole 
moment 


"n we + 5 
Мо H—C—H сњ=<Ен CH,—CH CH,=CH 


H 


Each of the three carbons is sp? hybridized. 
All the bond angles are 109.5°. 


H H 
ИЕ 4 
с=с 
d E = 
/ 
Н 


Each of the four carbons is 5р? hybridized. 
All the bond angles are 120°. 
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lowest dipole 
moment 


71. 


72. 


73. 


74. 


75. 


76. 
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In an alkene, six atoms are in the same plane: the two sp? carbons and the two atoms that are bonded to 
each of the two sp? carbons. The other atoms in the molecule will not necessarily be in the same plane with 
these six atoms. 

no 


C 
СНз я : yes 
XU yes XU 
yes 
yes 


If you put stars next to the six atoms that lie in a plane in each molecule, you will be able to see more 
clearly whether the indicated atoms lie in the same plane. 


СНз | 
* 
H * CH * CH 
* * * 
| 0X CX 
C OM ОСЫ < Y 
а. If the central atom is sp? hybridized and it does not have a lone pair, the molecule will have tetrahe- 
dral bond angles (109.5°). Therefore, only *NH, has tetrahedral bond angles. The following species 


are close to being perfectly tetrahedral: Н,О, H30*, МЇН», "СЊ. However, they all have bond angles ` 
slightly smaller than 109.5°. 


b. *CH; and BF; 


CH;CH,CI has the longer С — Cl bond because it is formed by the overlap of an sp? orbital of Cl with an 
sp? orbital of C, whereas the C — Cl bond in CH; — СНСІ is formed by the overlap of an sp? orbital of Cl 
with an sp? orbital of C. (The more the s character, the shorter and stronger the bond.) 


СН,СІ, has the larger dipole moment because the two chlorines are withdrawing electrons іп the same gen- 
eral direction, whereas in СНС], only one chlorine is withdrawing electrons. 


The bond angles at the triple-bonded carbons, when the bonding orbitals overlap maximally, are 180°. 
А 180° angle cannot fit into the ring structure. Therefore, the overlap between the sp orbital and the adjacent 
sp? orbital becomes distorted from the ideal end-on overlap. This poor overlap causes the compound to be 
unstable. (Compare the structure shown here with Figure 3.8 on page 122 of the text.) 


180° 


Оо—о=0О— С) 


The dipole moment depends on the size of the charge and the distance between the bonded electrons. 
The longer C — Cl bond more than makes up for the greater charge on fluorine. 
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77. 


Chapter 1 
Н 
| | + c WES NC. 
a. 1. а о 3. :N-—N-N: 
H Н :Q: 
б: | | 
Il 4. а. 
2. H—-Q—N—Q: H 
+ - + - 
b. 1. CH3NzEN 3. N= = 
] 
О 
С 
2. NE 4. сну “мн, 
HO” *^o 
с. М; 
Only the first structure has no dipole moment. 
H Cl H 
C H Ch. 
Cl H а! та ei^. 
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Chapter 1 Practice Test 
Answer the following: 
a. Which bond has a greater dipole moment, a carbon-oxygen bond or a carbon-fluorine bond? 


b. If Не; has three electrons in its molecular orbitals, how many electrons аге in an antibonding molecu- 
lar orbital? 


с. Which is the longer bond, а carbon-hydrogen bond in ethene or a carbon-hydrogen bond in ethane? 
d. Which is larger, the bond angle in water or the bond angle in ammonia? 
What is the hybridization of the carbon atom in each of the following compounds? 
*CH; СН; * CH; 

Draw the Lewis structure for НСО}. 
Circle the compounds below that have a dipole moment = 0. 

CH;CL CH;CH; CH;Cl НС =O CCl, 
Which compound has greater bond angles, H;0* or *NH,? 
Draw the structure for each of the following: 


а. amethyl cation 
b. a hydride ion 


a bromine radical 


Q 


d. an alkane with only primary carbons 


Draw the structure of a compound that contains only carbon and hydrogen, and that has five carbons, two 
of which are sp” hybridized and three of which are sp? hybridized. 


What is the hybridization of each of the indicated atoms? 


CH3;CH,C=N Non CH;CCH; О=<С=0 
CH; 
a. What orbitals do carbon's electrons occupy before promotion? 
b. What orbitals do carbon's electrons occupy after promotion and before hybridization? 


c. Whatorbitals do carbon's electrons occupy after hybridization? 
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10. 


п. 


12. 


Chapter 1 


Answer the following: 


What is the H — C — О bond angle in CHOH? 
What is the H — Be — Н bond angle in BeH,? 
What is the H — B — Н bond angle in BH;? 
What is the C — О — Н bond angle in CHOH? 


a op 


For each of the following compounds, indicate the hybridization of the atom to which the arrow is pointing. 
i 
HCOH HC=N CHOCH; сњен=<Њ 


Indicate whether each of the following statements is true or false. 


a. A pi bond is stronger than a sigma bond. T Е 
b. A triple bond is shorter than a double bond. T F 
с. The oxygen-hydrogen bonds in water are formed by the overlap of | 

an sp? orbital of oxygen with an s orbital of hydrogen. T F 
d. Adouble bond is stronger than a single bond. T F 
e. A tetrahedral carbon has bond angles of 107.5°. T F 


ANSWERS TO ALL THE PRACTICE TESTS CAN BE FOUND AT THE END OF 
THE SOLUTIONS MANUAL. 
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Acids and Bases: Central to Understanding Organic Chemistry 


Important Terms 


acid (Вгапч(ед acid) 


acid-base reaction 


acid dissociation constant 


acidity 

base (Brgnsted base) 
basicity 

Brgnsted acid 
Brgnsted base 
buffer solution 
conjugate acid 
conjugate base 


delocalized electrons 


equilibrium constant 


Henderson-Hasselbalch 
equation 


inductive electron 
withdrawal 


Lewis acid 

Lewis base 

pH 

pK, 

proton 

proton transfer reaction 


resonance 


resonance contributors 


resonance hybrid 


a species that loses a proton. 

a reaction of an acid with a base. 

a measure of the degree to which an acid dissociates. 

a measure of how easily a compound gives up a proton. 
a species that gains a proton. 

a measure of the tendency of a compound to share its electrons with a proton. 
a species that loses a proton. 

a species that gains a proton. 

solution of a weak acid and its conjugate base. 

the species formed when a base gains a proton. 

the species formed when an acid loses a proton. 


electrons that are shared by three or more atoms (that is, do not belong to a single 
atom nor are they shared in a bond between two atoms). 


the ratio of products to reactants at equilibrium. 


pK, = pH + log[HA]/[A ] 
the pull of electrons through sigma bonds by an atom or by a group of atoms. 


a species that accepts a share in an electron pair. 
a species that donates a share in an electron pair. 
the pH scale used to describe the acidity of a solution (pH = —log [H*]). 


a measure of the tendency of a compound to lose a proton (pK, = —log K,, where 
K, is the acid dissociation constant). 


a positively charged hydrogen ion. 
a reaction in which a proton is transferred from an acid to a base. 
delocalized electrons. 


structures with localized electrons that together approximate the true structure of a 
compound with delocalized electrons. 


the actual structure of a compound with delocalized electrons. 


93 
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Solutions to Problems 


1. 


2. 


10. 


11. 


CO, and CCl, are not acids because neither has a proton that it can lose. 


a. HBr 4. HC=N g. CEN 
b ~“C=N е HC=N h. HBr 
c. Br f. Br 


a. HCl + NH, === С + "МН, 
b H:O + NH; === HO" + NH; 


The conjugate acid is obtained by adding an Ht to the species. 

a. (D МН. (2) HCl (3) HO (4 Но 

The conjugate base is obtained by removing an Н* from the species. 
b (D NH, (2) Br (3) NO; (4) НО" 


a. The lower the pK,, the stronger the acid, so the compound with pK, = 5.2 is the stronger acid. 
b. The greater the dissociation constant, the stronger the acid, so the compound with a dissociation 
constant = 3.4 X 10 ? is the stronger acid. 


Because we know that К, = Ка [H2O] 


K, 4.53 x 106 
= — = = 8.16 x 10 
Kea = THO] 55.5 


Its К, value is 1.51 X 107°. It is a weaker acid than vitamin C whose К, value was determined to be 
6.8 X 1075 in the Problem-Solving Strategy. 


а. НО" + H* == H,O 
b HCO; + Ht == HCO, —- H,O + CO) 
СО?” + 2H* == H;CO,—- H,O + СО 


If the pH is <7, the body fluid is acidic; if the pH is > 7, the body fluid is basic. 
a. basic b. acidic с. basic 


Remember that a proton can be picked up by an atom that has one or more lone pairs. Notice that two oxygens 
have lone pairs in part e. To see which one gets the proton, see Table 2.1 on page 57 of the text and the 
Problem-Solving Strategy on page 68. 


MH 


a. CH,CH,ÓH, b. CH,CH,OH с. CH, “он а. CH,CH,NH, е. CH,CH;~ "OH 


Q=0 


In each of the following reactions, the position of equilibrium is established by analyzing the relative strengths 
of the acids on either side of the reaction—the equilibrium favors reaction of the stronger acid to form the 
weaker acid (see Section 2.5). (Note that HCl is a stronger acid than НзО*; see Appendix I in the text.) 
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12. 


13. 


14. 


15. 


Chapter 2 
If the lone pairs are not shown: 
а. CH3OHasanacid: СНЗОН + NH; <== CH4O- + NH, 
СНЗОН аз а Базе: |CH4OH + НА == СИОН + Cl 
H 
b. МН; аз ап acid: NH, + СО“ ~= NH, + СН.ОН 


+ 
МН} as a base: NH, + HBr — NH, + Br 


If the lone pairs are shown: 


.. .. | .. — + 
а. CH30H as an acid: CH30H + МН; ~-= \CH3Q: + NH, 


+ 


СНЗОН аз а Базе: CHH + HCl: == сн;бн + С 
Н 


b. МН; аз ап acid: NH, + Сб: - МН, + СН.ОН 


" " + e 

NH; as a base: NH; + HBr: —— МН. + :Вг: 
О 
|| 


а. ~40 b. ~15 с. ~5 (Note that a ^C on group can be written as —COOH) 4. ~10 


a. СНСОО is the stronger base. 
Because CHCOOH is the weaker acid, it has the stronger conjugate base. 


b. "NH,is the stronger base. 
Because NH; is the weaker acid, it has the stronger conjugate base. 


c. ЊО is the stronger base. 
Because НзО* is the weaker acid, it has the stronger conjugate base. 


The conjugate acids of the given bases have the following relative strengths: 


О 
| 
+ У + 
СИОН; > CH; OH » СНзМНз > СНзОН > СНзМН› 


95 


The bases, therefore, have the following relative strengths, because the weakest acid has the strongest 


conjugate base. 


О=0О 


CH;NH > CH;0° > СЊАЊО > CH;~ ^O- > СЊОН 


Methanol is the acid because it is a stronger acid (pK, ~ 15) than methylamine (pK, about 40). 
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16. Recall that the equilibrium favors reaction of the stronger acid to form the weaker acid. Because the pK, 
values in part a are similar, there will be similar amounts of reactants and products at equilibrium. 


a. СНзОН + НО — СНО + Но 
pK, =15.5 pK, =15.7 


+ 
CHOH + HOt „= CHOH, + H0O 


pKa = -1.7 pK, =-2.5 
О О 
| | 
сн Хон + HO = сн/ No- + HO 
pK, = 4.8 pK, = 15.7 
+ 
О ОН 
| + HQ == | H,O 
3 = 2 
/ A N 
CH; `OH CH; `OH 
pK, =-1.7 pK, - -6.1 
CH3NH) + НО За СН»МН + H,O 
pK, = 40 pK, =15.7 
+ 
CH;NH, + H0! = CH3NH3; + H,O 
pK, =-1.7 pK, =10.7 
b. Hcl + НО — HOt + СГ 
pK, =-7 pK, =-1.7 
NH; + H,O — ‘NH, + HO 
pK, =15.7 pK, = 9.4 


17. Because a strong acid is more likely to lose a proton than a weak acid, the equilibrium favors loss of a 
proton from the strong acid and formation of the weak acid. 


а. HC=CH + НО“ == HC-C + H,O 


pK, = 25 pK, = 15.7 
b НС=СН + "NH; —— HC=C + МН, 
pK, = 25 pK, = 36 


с. ^ NH; would be a better base because when it removes a proton, the equilibrium favors the products. 
When HO” removes a proton, the equilibrium favors the reactants. 


18. Each of the following bases will remove a proton from acetic acid in a reaction that favors products, 
because each of these bases forms an acid that is a weaker acid than acetic acid. 


НО“ СН»ЇМН» HC=>=C™ 


The other three choices form an acid that is a stronger acid than acetic acid. 
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23. 


26. 


27. 


28. 
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pK, = pK, (reactant acid) — pK, (product acid) · 

For a, the reactant acid is НСІ and the product acid is H3O*. 

For b, the reactant acid is CH;COOH and the product acid is Н.О*. 
For c, the reactant acid is HO and the product acid is CHjNH,. 
For d, the reactant acid is CH;NH; and the product acid is НзО*. 


a. Ps = -7 – (—17) = -53 с. рк. = 15.7 — (10.7) = 5.0 
Ка = 2.0 X 10° Ка = 1.0 X 107 
b. рк. = 4.8 — (-1.7) = 65 d. pK4 = 107 — (71.7) = 124 
Ка = 3.2 х 107 Ка = 4.0 X 1073 


Recall that the weakest acid has the strongest conjugate base. 
“CH; > "NH; > HO > Е 

Again, the weakest acid has the strongest conjugate base. 
CHCH: > H;C—CH > нс==<- 


The species on the right is the Шош acid because its hydrogen is attached to an sp? oxygen, which is 
more electronegative than the sp? oxygen to which the hydrogen in the protonated alcohol is attached. 
а. А НСЕЕСН + CHCH, ==" НС=С- + CH;CH; 
В НС=СН, + НС==С- .—— HC=CH + HC=CH 
С CHCH; + Н›С=СН == CH;CH, + H;C—CH; 
b. Only A, because only A has a reactant that is а stronger acid than the acid that is formed in the product. 


Reaction B. The equilibrium constants for the three reactions are: K (A) = 1035; К. (В) = 10-19; 
К, (С) = = 1076, 
The smaller the ion, the stronger it is as а base. 
Е > C > Br > I 
a. oxygen b. H,S c. CHjSH 


The size of an atom is more important than its electronegativity in determining stability. Therefore, even 
though oxygen is more electronegative than sulfur, H5S is a stronger acid than Н,О and CH,SH is a stron- 
ger acid than CH3OH, because the sulfur atom is larger than the oxygen atom. 


Because the sulfur atom is larger, the electrons in its conjugate base are spread out over a greater volume, 
which stabilizes it. The more stable the base, the stronger its conjugate acid. 


The stronger acid has its proton attached to the more electronegative atom (if the atoms are about the 
same size) or to the larger atom (if the atoms are not the same size). 


+ 
а. НВг b. CH3CH,CH,OH, е. СЊСЊСЊОН d. CH;CH;CH;SH 


Remember that the stronger the acid, the weaker (or more stable) its conjugate base, 


a. Because Hl is the strongest acid, I” is the most stable (weakest) base. 
b. Because HF is the weakest acid, F” is the least stable (strongest) base. 
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29. 


30. 


31. 


32. 


33. 


34. 


35. 
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Compare the acid strengths of the conjugate acids, recalling that a weaker acid has a stronger conjugate base. 
a. СНО“ because СИОН is a weaker acid than CH4SH. 

b. НО“ because ЊО is a weaker acid than H3O*. 

с. NH, because УМН) is a weaker acid than НзО*. 

d. CHO" because СНЗОН is a weaker acid than CH;COOH. 


a. CH,0CH,CH,OH because its conjugate base has its negative charge stabilized by electron 
withdrawal by the CH3O group. 


4 
b. CH;CH,CF,CH,OH, because oxygen is more electronegative than nitrogen. 
c. CH;CH,OCH,CH,OH because the electron-withdrawing oxygen is closer to the OH group. 


|| 
d. CH;CH,COH because the electron-withdrawing C=O is closer to the OH group. 


кыа > E LS - qe eee > СНзСН2СН2СООН 


Е Е 


The first listed compound is the most acidic because it has two electron-withdrawing substituent that stabi- 
lize the conjugate base. 


The second listed compound is a stronger acid than the third listed compound because the fluorine in the 
third compound is farther away from the O—H bond, so the electron-withdrawing group will not be as 
effective in stabilizing the conjugate base. 


The compound on the far right does not have a substituent that withdraws electrons inductively, so it is the 
least acidic of the four compounds. 


The weaker acid has a stronger conjugate base. 
О 


[| | || | 
а. ш р. rA с. CH;CH,CO- d. CH4CCH;CH207 


Br Cl 
Solved in the text. 
чүн o +ОН +ОН 
а Єз: b c d. 
Ó: 0: ЗӨ: 
| | | 
а. _ . _ —— E — p Е 
o `6 57 No: of Ng 
| A 
Dcus SPS IIo em М uc 
^9: 167 * o 6670 
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36. When a sulfonic acid loses a proton, the electrons left behind аге shared by three oxygens. In contrast, 
when a carboxylic acid loses a proton, the electrons left behind are shared by two oxygens. The sulfonate 
ion, therefore, is more stable than the carboxylate ion. 


б: 0: б: 
сн$—О: = CHj$—Ó: = CH,S=6: 


|| | 
0: О: :0: 


a sulfonate ion 


:0: 
cu — снуб=б: 
а carboxylate ion 
The more stable the base, the stronger its conjugate acid. 
Therefore, the sulfonic acid is a stronger acid than the carboxylic acid. 


37. a. Because the atom (P) to which each of the OH groups is attached is also attached to two electronegative 
oxygens and when each OH group loses a proton, the electrons left behind can be shared by two oxygens. 


b. The middle OH group is the weakest of the remaining acidic groups. It is an alcohol (pK, ~ 15), 
and the atom (C) to which it is attached is not attached to any strongly electronegative atoms. 
(The protonated amino group has a pK, value of ~ 10.) 


38. Remember, the smaller the pK,, the stronger the acid. 
+ 
a. CH;C=NH 


|| 
c. F,CCOH 


d. an sp? oxygen 


Сну” “сн, сн,дсн, 
pK,=-7.3 pK, =-3.6 
+ + + 
e. CH;C=NH >  CH,C—NHCH, >  CH,CHNH, 
бн, 
pK,=-10.1 pK, =5.5 pK,= 11.0 
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If the pH of the solution is less than the compound’s pK, value, the compound will be in its acidic form 
(with its proton). 


If the pH of the solution is greater than the compound’s pK, value, the compound will be in its basic form 
(without its proton). 


a. CH4COO- d. Bro 2. МО; 
+ 

b. CH45CH;NH5 e. *NH, h. МО» 

с. HO f HC=N i. HONH, 

pH 10.4 


(As long as the pH is greater than the pK, of the compound, at least 50% of the compound will be in its 
basic form.) 


Solved in the text. 


a. 1. charged 2. charged 3. charged 4. charged 5. neutral 6. neutral 
b. 1. neutral 2. neutral 3. neutral 4. neutral 5. neutral 6. neutral 


a. The *NH; group withdraws electrons, which increases the acidity of the COOH group. 


b. Both the COOH group and the *NH; group will be in their acidic forms, because the pH of the solution 
is less than both of their pK, values. 


Оо=0о 


CH,CH~ "OH 
*NH; 


c. The COOH group will be іп its basic form because the pH of the solution is greater than its рК. 
The *NH; group will be in its acidic form because the pH of the solution is less than its pK. 


О 
| 
CH,CH~ ~O7 
*NH; 


d. Both the COOH group and the "NH; group will be in their basic forms because the pH of the solution 
is greater than both of their pK, values. 


O-—o 


сен” ROF 
NH, 


e. No, alanine can never be without a charge. To be without a charge would require a group with a pK, 
value of 9.69 to lose a proton before a group with a pK, value of 2.34. This clearly cannot happen. А 
weak acid cannot have a greater tendency to lose a proton than a strong acid has. 
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As the pH becomes more basic than 2.34, the COOH group will become more negatively charged. 
As the pH becomes more acidic than 9.69, the "NH; group will become more positively charged. 
Therefore, the amount of negative charge will be the same as the amount of positive charge at the pH 
that is equidistant from the two pK, values. 

2.34 + 9.69 


— 6.02 
2 


Solved in the text. 


a. 
b. 
c. 


6.4 (two log units more acidic than the pK,) 
7.3 (when the pH is equal to the pK,) 
5.6 (one log unit more basic than the pK,) 


1. pH = 49 When the pH = pK, half the compound is in its acidic form (with its proton) 
and half is in its basic form (without its proton). 


2. pH = 107 

1. pH > 6.9 Because the basic form is the form in which the compound is charged, 
the pH needs to be more than two units more basic than the pK, value. 

2. pH < 87 Because the acidic form is the form in which the compound is charged, 


the pH needs to be more than two units more acidic than the pK, value. 


Solved in the text. 


For the carboxylic acid to dissolve in water, it must be charged (in its basic form), so the pH will have 
to be greater than 6.8. For the amine to dissolve in ether, it must be neutral (in its basic form); the pH 
must be greater than 12.7 to have essentially all of it in the neutral form. Therefore, the pH of the water 
layer must be greater than 12.7. 

To dissolve in ether, the carboxylic acid has to be neutral; the pH must be less than 2.8 to have essen- 
tially all the carboxylic acid in the acidic (neutral) form. To dissolve in water, the amine has to be 
charged; the pH must be less than 8.7 to have essentially all the amine in the acidic form. Therefore, 
the pH of the water layer must be less than 2.8. 


The basic form of the buffer removes a proton from the solution. 


CH4COO- + Ht CH4COOH 


The acidic form of the buffer donates a proton to remove hydroxide ion from the solution. 
CH4COOH + НО“ CH3;COO- + H,O 


Solved in the text. 


a. 


b. 


с. 


ZnCb + СНОН == тС, 
HOCH; 


FeBr; + Bri ——- Вг — БеВг; 


AlC + :@: ==  CI—AICh 
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54. 


55. 


56. 


57. 


58. 
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а, b, с, and h аге Brgnsted acids (proton-donating acids). Therefore, they react with НО by giving а 


proton to it. d, e, f, and g are Lewis acids. They react with НО by accepting a pair of electrons from it. 


a. CHOH + HO 
b *NH, + HO 


СНО | + H0 
NH; + ЊО 


+ 
с. CH3NH3 + НО CH3NH>) + H,0 


дани 


d. BF; + HO HO—BF; 

е. *CH, + HO^ CH40H 

f. FeBr; + HO HO —ЕеВгз 

g. AICI, + НО“ HO—AICI 

h. CHCOOH + Но“ CH4COO' + H,O 


The stronger base has the weaker conjugate acid. 


а. НО“ b. CH4NH c. СЊО“ d. СГ e. СН:СОО7 Ё CH;CHBrCOO- 


EN А 


a. NH; + ТЕ 


А 


р. нб: + FeBr3 === H,0 – ЕеВгз 

О +ОН 

| + "e = | + б: 
H~ “ОН H/ “ОН 


а. CCI,CH,OH > CHCI,CH,OH > CH,CICH,OH 


b. The greater the number of electron-withdrawing chlorine atoms equidistant from the OH group, the 


stronger the acid. (Notice that the larger the K,, the stronger the acid.) 


a. SHH нос > сы нон > СЇСН›СН›СН›СООН > CH4CH;CH;COOH 
CI CI 


b. An electron-withdrawing substituent makes the carboxylic acid more acidic, because it stabilizes its 
conjugate base by decreasing the electron density around the oxygen atom. (Remember that the larger 


the K,, the stronger the acid.) 


c. Thecloser the electron-withdrawing chloro substituent is to the acidic proton, the more it can decrease 
the electron density around the oxygen atom because it has to exert its effect through fewer bonds. 
Therefore, the closer it is, the more it stabilizes the conjugate base and increases the acidity of its con- 


jugate acid. 


H 
+ — ..+ TON |, т 
а. срв. b. а + С! с. ОАВ 
СН; CH, H 


+ 
a. HOCH;CH;CH;NH; b. ^ OCH;CH;CH5NH, 


Copyright О 2017 Pearson Education, Inc. 


59. 


60. 


61. 


62. 


63. 


64. 


Chapter 2 103 


О is more electronegative than N, which is more electronegative than C. 
Therefore, the alcohol is more acidic than the amine, which is more acidic than the alkane. 
$ is larger than О, so СН:СН,ЅН is more acidic than CH4CH;OH. 
CH4CH;SH > CH4CH;,OH > CH4CH;NH,; 2 CH4CH;CH; 
If the pH of the solution is less than the pK, of the compound, the compound will be in its acidic form (with 
the proton). 
If the pH of the solution is greater than the pK, of the compound, the compound will be in its basic form 
(without the proton). 
+ 
а. atpH-3  CH4COOH b. atpH=3  CH,CH;NH, с. atpH=3  CRECH,OH 
+ 
atpH=6 CH3;COO7- atpH=6  CH4CH;NH,; atpH=6 CF,CH,OH 
+ 
atpH=10 CH;COO- atpH =10 CH,CH,NH; atpH=10 СЕСН.ОН 
at pH=14 CH4COO- atpH =14 CH,CH,NH, atpH=14  CRCH,O^ 
In all four reactions, the products are favored at equilibrium. (Recall that the equilibrium favors formation 
of the weaker acid.) 
a. CH4COOH + СНО“ —"  CH3COO + CH340H 
b. СН»СН»ОН + "NH, — СНАСНО“ + МН. 
+ 
с. CH;COOH + CH;NH, ==" CH;COO~ + CH;NH; 
+ 
d. CH;CH,OH + на —" CH;CH,OH, + СГ 
a. HC=CCH,OH > CH;—CHCH;,OH > CH3CH;CH;,OH 
b. These three compounds differ only in the group that is attached to CH,OH. The more electronegative 
the group attached to CH,OH, the stronger the acid because inductive electron withdrawal stabilizes 
the conjugate base, and the more stable the base, the stronger its conjugate acid. An sp carbon is more 
electronegative than an sp? carbon, which is more electronegative than an sp? carbon. 
The direction of the dipole will be toward the more electronegative of the two atoms that are sharing the 
bonding electrons. 
и и 
а CH;—C=CH b CH;—CH-CH; 
In each compound, the nitrogen atom is the atom most apt to be protonated because it is the stronger base. 
CH; CH; 
a. сну—сн—Сн;Ан; b. CH4—C—OH с. CH,—C—CH,OH 
OH *NH; *NHs 
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The log of 107" = —4, ће log of 1075 = —5, the log of 1076 = —6, and so on. 
Because the pK, = —log K,, the pK, of an acid with a K, of 107 іѕ -(—4) = 4. 
An acid with a К, of 4.0 X 107‘ is a stronger acid than one with a К, of 1.0 X 107“. 
Therefore, the pK, сап be estimated as being between 3 and 4. 


a. 1. between 3 and 4 b 1. рк, = 3.4 
2. between —2 and —1 2. pK, = —1.3 
3. between 10 and 11 3. pK, = 10.2 
4. between 9 arid 10 4. pK, = 9.1 
5. between 3 and 4 5. pK, = 3.7 
6. between —1 and 0 6. pK, = —0.3 


c. Nitric acid (HNO;) is the strongest acid because it has the lowest pK, value. (The lower the pK, value, 
the stronger the acid.) 


The nitrogen in the chain on the left is the most basic. The nitrogen of the NH, group is less basic because 
its lone pair is delocalized onto the oxygen, so it is not available to be protonated. 


05 OT 
и“ = ВР 
ни нх 


А апа С because in each case, the acid is stronger than the acid (H,O) that is formed as a product. 


The reaction with the more favorable equilibrium constant is the one with the smallest difference 
between the pK, value of the reactant acid and the pK, value of the product acid, because рК, = pK, 
(reactant acid) — pK, (product acid) and the smaller the pK,,, the larger the Keq. 


а. 1. CHyCH,OH pK, = 15.9; СНОН pK, = 15.5; "МА, pK, = 9.4 


pK = pK, (reactant acid) — pK, (product acid) 
159 —94 = 6.5; Ка = 32 X 107 
= 15.5 — 94 = 6.1; Keg = 7.9 х 107 
Thus, the reaction of CH4OH with NH; has the more favorable equilibrium constant. 


2. CH,CH;OH pK, = 15.9; *NH, pK, = 9.4; CHjNHs pK, = 10.7 


pK, (reactant acid) — pK, (product acid) 
159 — 9.4 = 6.5; Ка = 32 X 1077 
159 — 10.7 = 52; Ка = 63 х 10 


Thus, the reaction of CH;CH,OH with CH4NH, has the more favorable equilibrium constant. 


РКеа 


b. Because the reaction of CH;CH,OH with CH;NH; has the smallest difference between the pK, values 
of the reactant and product acids, it has the most favorable equilibrium constant. 


If the reaction is producing protons, the basic form of the buffer will pick up the protons. At the pH at 
which the reaction is carried out (pH = 10.5), a protonated methylamine/methylamine buffer with a 
pK, = 10.7 will have a larger percentage of the buffer in the needed basic form than will a protonated 
ethylamine/ethylamine buffer with a pK, of 11.0. 
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70. а. СН›=СНСООН because an sp? carbon is more electronegative than an sp? carbon 
b. „О because ап oxygen can withdraw electrons inductively 
bad 
N 
/N 
H H 
НСЕЕССООН because ап sp carbon is more electronegative than ап sp* carbon 
d. 2 because an sp? nitrogen is more electronegative than an sp? nitrogen 
а 
| 
Н 
71. а. between 9 and 10 a. 9.5 
b. between 0 and 1 b. 0.08 
c. between 2 and 3 с. 2.8 


72. a. The first pK, is lower than the pK, of acetic acid because the middle COOH group of citric acid has 
additional oxygen-containing groups that acetic acid does not have that withdraw electrons inductively 
and thereby stabilize the conjugate base. 


b. The third pK, is greater than the pK, of acetic acid because loss of the third proton puts a third negative 
charge on the molecule. Increasing the number of charges on a species destablizes it. 
_ [H'][HO ] 
* . [H0] 
Because [H*] = [HOT], both must be 1 х 10M 
(1х 107) (1 x 1077) 


73. 


Ы 55.5 
К, = 1.80 х 1079 
pK, = —log 1.80 х 10719 
pK, = 15.7 
The answer can also be obtained in the following way: 
к _ но] 
| [90] 
K,{H,O] = [H*][HO7] 
take the log of both sides 


log К, + Пов[ ЊОЈ] = 1ю8[Н*] + 1ю&[НО`] 
multiply both sides by —1 

—log K, — log[ HO] = -log[H*] — log[HO ] 

pK, — log[H,O] = pH + РОН 

pK, — log[H,O] = 14 


pK, = 14 + log[H50] 
pK, = 14 + log 55.5 
pK, = 14 + 17 

рК, = 157 
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74. Charged compounds dissolve in water, and uncharged compounds dissolve in ether. 
The acidic forms of carboxylic acids and alcohols are neutral, and the basic forms are charged. 
The acidic forms of amines are ie and the basic forms are neutral. 


pK, = 4.17 pK, = 4.60 29.95 pK, = 10.66 


ether 
water at pH = 2.0 


ether layer 
*NH3 *NH; 


add ether 


: es add НО and adjust the pH 
adjust the pH of H20 so it is between 7 and 8 


so it is between 7 and 8 


water layer ether layer water layer 
МН» МН» COO^ 


4 


75. For a discussion of how to do problems such as Problems 68—70, see Special Topic I (pH, pKa, and Buffers). 


[НА ] 
[A] 


The above equation, called the Henderson-Hasselbalch equation, shows that: 


pK, = pH + log 


1. When the pH equals the pX,, the concentration of buffer in the acidic form [HA] equals the concentra- 
tion of buffer in the basic form [А ]. 


2. When the pH of the solution is less than the pK,, more buffer species are in the acidic form than in the 
basic form. 


3. When the pH of the solution is greater than the pK,, more buffer species are in the basic form than in 
the acidic form. 


Because the pH of the blood (~7.3) is greater than the pK, of the buffer (6.1), more buffer species are in 
the basic form than in the acidic form. Therefore, the buffer is better at neutralizing excess acid. 
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amount in the acidic form 
amount in the acidic form + amount in the basic form 
[HA] 
[HA] + [A] 
Because there are two unknowns, we must define one in terms of the other. 


By using the definition of the acid dissociation constant, we can define [А ] in terms of [HA], [Н*], 
and K,, so we have only one unknown. 


76. a. fraction present in the acidic form = 


H*][A& 

y, = UA 
[HA] 
K,[HA] 

А] = 
Substituting the definition of [А ] into the equation for the fraction present in the acidic form gives: 
[HA] _ [HA] dee SEES] 
[НА] + [А] _ K,[HA] К [н']+К, 
HA] + —— 1+ 


Therefore, the percentage that is present in the acidic form is given by: 


[H*] 


—— x 
[H*] + К, is 


Because the pK, of the acid is given as 5.3, we know that К, is 5.0 X 107% (because pK, = —log K,). 
Because the pH of the solution is given as 5.7, we know that [Н*] is 2.0 х 1079 (because pH = 
-log [H*]). 


Substituting into the equation for the percentage present in the acidic form gives: 


[f] |. 2.0 X 107$ СКО 
[Н+] + K 20х10% + 5.0 x 10% 
2.0 x 108 
70105 х 100 = 29% 
[H*] 


b. Fraction present in the acidic form — — 0.80 


[H*] + K, 


[H+] = 0.80([H*] + К) 
[H*] = 0.80 [H*] + 0.80 K, 
0.20 [H*] = 0.80 K, 
[H*] = 4 K, 
[Н+] = 4 x 5.0 x 107 
[H+] = 20 x 108 
pH = 4.7 
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77. 


In each problem, we define [Н*] = x. Then [A] is also x. In part a, because we have а 1.0 M solution, 


[НА] = 1.0 — x; in part b, because we have a 0.1 M solution, [HA] = 0.1 — x. 


H*][A 
a. K, — лс b. K, 
[HA] 
x2 
1.74 X 10° = 2.00 x 107!! 
1.0— x 
1.74 X 1075 = x? 2.00 x 107? 
x = 4.16 x 10? x 
pH = 2.38 pH 


[НУ Ј[АГ] 
[НА] 


x2 


d-x 
1.41 х 107 


5.85 


c. This question can be answered Бу plugging the given concentrations into the Henderson-Hasselbalch 


equation. 


[acid] 


pKa = pH + S 


0.3 
3.76 = pH + logy1 


3.76 = pH + log 3 
3.76 = pH + 0.48 
pH = 3.76 — 048 = 3.28 
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Chapter 2 Practice Test 
Which compound is the stronger acid? 
Cl n 
a. снуснсн;он ог CH;CHCH;OH c. CH3CCH2OH or CH;CHCH;OH 
а Е Cl Cl 
b. HBr or HI d. CH, or NH; 


Which compound is the stronger base? 
a. CH3;CH,NH, or CH3CH;OH b F or I 


Draw a circle around the strongest base and draw a square around the weakest base. 


| _ 
CH3CO- СНзо“ CH30H CH3NH CH3NH; 


The following compounds are drawn in their acidic forms, and their pK, values are given. 
Draw the form in which each compound will predominantly exist at pH = 8. 


H * 
CHCOOH CH3CH50H СНзОН CH3CH,NH3 
+ 
pK, =4.8 pK, =15.9 pK, =-2.5 pK, =11.2 


Write the acid—base reaction that occurs when methylamine is added to water. 


Does the above reaction favor reactants or products? 


a. What is the conjugate base of NH;? 


b. What is its conjugate acid? 
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What is the pX, of a compound that at pH = 7.2 has a 10 times greater concentration in its basic form than 


in its acidic form? 


a. What products are formed from the following reaction? 
CHOH + САН, === 


b. Does the reaction favor reactants or products? 


A compound has а К, = 6.3 X 10 9. What is its approximate pK, (that is, between what two integers)? 
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10. 


п. 


12. 


Chapter 2 


Label the compounds in order of decreasing acidity. (Label the most acidic compound #1.) 
CH;CH,OH _ CH3CH,NH,  CH3CH2,SH  CH3CH>CH; 


You are planning to carry out a reaction at pH = 4 that releases protons. Would it be better to use а 1.0 М 
formic acid/sodium formate buffer or a 1.0 M acetic acid/sodium acetate buffer? 
(The pK, of formic acid is 3.75; the pK, of acetic acid is 4.76.) 


Indicate whether each of the following statements is true or false. 

HO is a stronger base than NH}. 

A Lewis acid is a compound that accepts a share in a pair of electrons. 
CH3CHj; is more acidic than Н.С = СН,. 

The weaker the acid, the more stable the conjugate base. 

The larger ће pK,, the weaker the acid. 

The weaker the base, the more stable it is. 


ANSWERS TO ALL THE PRACTICE TESTS CAN BE FOUND AT THE END OF 
THE SOLUTIONS MANUAL. 


moe aoe 
=) =) mj m) =] =) 
ез ез "n ез ез "H 


Copyright © 2017 Pearson Education, Inc. 


SPECIAL TOPIC I 


pH, pK,, and Buffers 


This is a continuation of the discussion on acids and bases found in Chapter 2 of the text. First, we will see how the 
pH of solutions of acids and bases can be calculated. We will look at three different kinds of solutions. 


1. A solution made by dissolving a strong acid or a strong base in water. 
2. A solution made by dissolving a weak acid or a weak base in water. 


3. A solution made by dissolving a weak acid and its conjugate base in water. 
Such a solution is known as a buffer solution. 


Before we start, we need to review a few terms. 


An acid is a compound that loses a proton, and a base is a compound that gains a proton. 


The degree to which an acid (HA) dissociates is described by its acid dissociation constant (K,). 


HA Ht + А“ 
K, = [H+] [A7] 
[HA] 


The strength of an acid is indicated by its acid dissociation constant (K,) or by its pK;. 
pK, = —log K, 
The stronger the acid, the larger its acid dissociation constant and the smaller its рК. 


For example, an acid with an acid dissociation constant of 1 X 1072 (pK, = 2) is a stronger acid than one 
with an acid dissociation constant of 1 х 10 * (pK, = 4). 


While pK, is used to describe the strength of an acid, pH is used to describe the acidity of a solution. In other 
words, pH describes the concentration of hydrogen ions in a solution. 


pH = —log [Н*] 


The smaller the pH, the more acidic the solution: 
acidic solutions have pH values «7; 

a neutral solution has a pH — 7; 

basic solutions have pH values 77. 


A solution with a pH — 2 is more acidic than a solution with a pH — 4. 
A solution with a pH — 12 is more basic than a solution with a pH — 8. 


Determining the pH of a Solution 


To determine the pH of a solution, the concentration of hydrogen ion [Н*] in the solution must be determined. 
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Strong Acids 
A strong acid dissociates completely in solution. Strong acids have pK, values <1. 


Because a strong acid dissociates completely, the concentration of hydrogen ions is the same as the concentration 
of the acid: a 1.0 М НСІ solution contains 1.0 M [Н+]; a 1.5 М НСІ solution contains 1.5 M [НУ]. 


Therefore, to determine the pH of a strong acid, the [ H* ] value does not have to be calculated; it is the same as the 
molarity of the strong acid. 


Solution [H*] pH 
1.0 M HCI 1.0M 0 

1.0 x 10? M HCI 1.0 x 10°? M 2.0 
6.4 x 10^ M HCI 64 x 104 M 3.2 


Strong Bases 
Strong bases are compounds such as NaOH or KOH that dissociate completely in water. 


Because they dissociate completely, the concentration of hydroxide ion is the same as the concentation of the 
strong base. 


pOH describes the basicity of a solution. The smaller the pOH, the more basic the solution; just like the smaller the 
pH, the more acidic the solution. 


РОН = —log [НО] 
[НО ] and [Н*] are related by the ionization constant for water (Ку). 


Ку = [H*] [HO] = 10°" 
pH + pOH = 14 


Solution [HO ] pOH pH 

1.0 M NaOH 10М 0 140-0 =140 

10x10*MNaOH 1.0x107M 4.0 14.0-4.0 = 10.0 

7.8x107MNaOH 7.8x1077M 1.1 14.0—1.1 = 12.9 
Weak Acids 


A weak acid does not dissociate completely in solution. Therefore, [Н] must be calculated to determine the pH. 
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Acetic acid (CH;COOH) is an example of a weak acid. It has an acid dissociation constant of 1.74 X 10? 
(pK, = 4.76). The pH of a 1.00 M solution of acetic acid can be calculated as follows: 


CHCOOH === H* +CH,COO™ 


_ [H*][CH4COO ] 
^  [CH4COOH] 


Each molecule of acetic acid that dissociates forms one proton and one acetate ion. Therefore, the concentration of 
protons in solution equals the concentration of acetate ions. Each has a concentration that can be represented by x. 
The concentration of acetic acid, therefore, is the concentration we started with minus x. 


о”) 
1.00 – x 


1.74 x 10? = 


The denominator (1.00 — x) can be simplified to 1.00 because 1.00 is much greater than x. (When we actually 
calculate the value of x, we see that it is 0.004. And 1.00 — 0.004 = 1.00.) 


х? 
1.74 x 10? = — 
1.00 
x = 417 x 10? 
pH = -1og4.17 x 10? 
pH = 2.38 


Formic acid (HCOOH) has a pK, value of 3.75. The pH of a 1.50 M solution of formic acid can be calculated as follows: 


HCOOH Н? + HCOO^ 


_ [H*)[HCOO ] 
a [HCOOH] 


A compound with a pK, = 3.75 has an acid dissociation constant of 1.78 X 10 ^. 


Qo x 


1.50-х 1.50 
х? = 1.50(1.78 x 107) 
x? = 2.67 x 107 


1.78 x 107 = 


x = 1.63 x 107 
pH = -log(1.63 x 1072) 
pH - 1.79 


Weak Bases 
When a weak base is dissolved in water, it accepts a proton from water, creating hydroxide ion. 


Determining the concentration of hydroxide allows the pOH to be determined, and this, in turn, allows the pH to be 
determined. 
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The pH of a 1.20 M solution of sodium acetate can be calculated as follows: 


CH,COO +H,O === СН.СООН + НО" 


Ку _ [HO ][CH4COOH] 
К, [CH4COO ] 
1.00 х 10714 _ боб) 


14x10? 1.20-x 


х? 


1.20 
x? = 6.86 x 10719 


2.62 x 10? = [HO] 


5.75 x 10719 


im 
РОН = -log 2.62 x 107 
pOH = 4.58 

pH = 14.00 — 4.58 

pH = 9.42 


Notice that by setting up the equation equal to K,,/K,, we can avoid the introduction of a new term (Къ), because 
K,/K, = Ky. 


Buffer Solutions 


A buffer solution is a solution that maintains nearly constant pH in spite of the addition of small amounts of H* or 
НО. That is because a buffer solution contains both a weak acid and its conjugate base. The weak acid can give а 
proton to any НО“ added to the solution, and the conjugate base can accept any proton that is added to the solution, 
so the addition of small amounts of НОГ ог Н? does not significantly change the pH of the solution. 


A buffer can maintain nearly constant pH in a range of one pH unit on either side of the pK, of the conjugate acid. 
For example, an acetic acid/sodium acetate mixture can be used as a buffer in the pH range 3.76-5.76 because 
acetic acid has a pK, = 4.76; methylammonium ion/methylamine can be used as a buffer in the pH range 9.7-11.7 
because the methylammonium ion has a pK, = 10.7. 


The pH of a buffer solution can be determined from the Henderson—Hasselbalch equation. This equation comes 
directly from the expression defining the acid dissociation constant. Its derivation is found on pages 72-73 of 
the text. 

Henderson-Hasselbalch equation 


[HA] 


pK, = pH + log ——— 
а =P BAT 
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ж The pH of an acetic acid/sodium acetate buffer solution (pK, of acetic acid = 4.76) that is 1.00 М in acetic acid 
and 0.50 M in sodium acetate is calculated as follows: 
[HA] 


[А ] 


pK, = pH + log 


1.00 
436 SoH d-dog 
PH + 950.50 


4.76 = pH + log2 
4.76 = pH + 0.30 
pH = 4.46 


Remember from Section 2.10 that compounds exist primarily in their acidic forms in solutions that are more acidic 
than their pK, values and primarily in their basic forms in solutions that are more basic than their pK, values. 
Therefore, it could have been predicted that the above solution will have a pH less than the pK, of acetic acid, 
because there is more conjugate acid than conjugate base in the solution. 


There are three ways a buffer solution can be prepared: 


1. Weak Acid and Weak Base 
A buffer solution can be prepared by mixing a solution of a weak acid with a solution of its conjugate base. 


The pH of a formic acid/sodium formate buffer (pK, of formic acid = 3.75) solution prepared by mixing 25 mL 
di of 0.10 M formic acid and 15 mL of 0.20 M sodium formate is calculated as follows: 


The equation below shows that the number of millimoles (mmol) of each of the buffer components can be 
determined by multiplying the number of milliliters (mL) by the molarity (M). 


moles " millimoles 
liters milliliters 


M - molarity — 


Therefore: 


25 mL x 0.10M = 2.5 mmol formic acid 
15 mL x 0.20 M = 3.0 mmol sodium formate 


Notice that in the following equation, we use mmol for both [НА ] and [А ] rather than molarity (mmol/mL) 
because both the acid and the conjugate base are in the same solution, so they have the same volume. Therefore, 
volumes cancel in the equation. 
pK, = pH + log HA 
[A ] 


2.5 
3.75 = pH + log 
P 23.0 


3.75 = pH + log 0.83 
3.75 = рН - 0.08 
РН = 3.83 


It could have been predicted that the above solution would have a pH greater than the pK, of formic acid, because 
there is more conjugate base than conjugate acid in the solution. 
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2. Weak Acid and Strong Base 


A buffer solution can be prepared by mixing a solution of a weak acid with a solution of a strong base such as 
NaOH. The NaOH reacts completely with the weak acid, thereby creating the conjugate base needed for the buffer 
solution. 


The pH of a solution prepared by mixing 10 mL of a 2.0 M solution of a weak acid with a pK, of 5.86 with 5.0 mL 
of a 1.0 M solution of sodium hydroxide can be calculated as follows: 


When the 20 mmol of HA and the 5.0 mmol of HO” are mixed, the 5.0 mmol of strong base react with 5.0 mmol of 
HA, with the result that 5.0 mmol of A is formed and 15 mmol (20 mmol — 5.0 mmol) of HA is left unreacted. 


10mL x 2.0M = 20mmolHA ———— 15mmol HA 
5.0 mL x 1.0M = 5.0 mmol НО“ 5.0 mmol A^ 


[HA] 


pK, = pH + log 


5.86 = pH + log 
5.86 = pH + log3 
5.86 = pH + 0.48 
pH = 5.38 

3. Weak Base and Strong Acid 


A buffer solution can be prepared by mixing a solution of a weak base with a strong acid such as НСІ. The strong 
acid reacts completely with the weak base, thereby forming the conjugate acid needed for the buffer solution. 


+ 
The pH of ап ethylammonium ion/ethylamine buffer (pK, of CH;CH,NH; = 11.0) prepared by mixing 30 mL of 
0.20 M ethylamine with 40 mL of 0.10 M HCI can be calculated as follows: 


30 mL x 0.20 M = 6.0 mmol RNH, ————- 2.0 mmol RNH, 


+ 
40 mL x 0.10M = 4.0 mmol Н+ 4.0 mmol RNH, 


+ 
Notice that 4.0 mmol H* reacts with 4.0 mmol ЕМН,, forming 4.0 mmol RNH;, and 2.0 mmol of RNH, is left 
unreacted. 


[HA] 


pK, = pH + log 


40 
11.0 = pH + log — 
p 2 20 


11.0 = рН + 10р 2.0 
11.0 = рН + 0.30 
РН = 10.7 
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Fraction Present in the Acidic or the Basic Form 


A common question asked is what fraction of a buffer will be in a particular form at a given pH—either what 
fraction will be in the acidic form or what fraction will be in the basic form. 
This is an easy question to answer if you remember the following formulas that are derived at the end of this section: 


| | T [H*] 
fraction present in the acidic form = —————_ 
К, + [T] 
K 
fraction present in the basic form = ———*—— 
K, + [H*] 


What fraction of an acetic acid/sodium acetate buffer (pK, of acetic acid = 4.76; К, = 1.74 X 107°) is present іп 
the acidic form at pH = 5.20; [H*] = 6.31 x 10 9? 
[Н] _ 6.31 x 10° 
K «[H'] (1.74 x 107) + (6.31 x 105) 
_ 6.31 x 10° 
(17.4 x 10%) + (6.31 x 105) 
6.31 х 109 _ 631 


237 x 10° 237 
0.26 


What fraction of a formic acid/sodium formate buffer (pK, of formic acid = 3.75; K, = 1.78 X 10 ^) is present 
in the basic form at pH = 3.90; [H*] = 1.26 x 104? 


K, 1.78 x 10 
К, + [Н+] — (178 x 10^) + (126 x 10“) 
L78x10^ 178 

3.04 х 104 3.04 

= 0.586 


= 0.59 


The formulas describing the fraction present in the acidic or basic form are obtained from the definition of the acid 
dissociation constant. 
_ [HtA] 


К [НА] 


To derive the equation for the fraction present in the acidic form, we need to define [А ] in terms of [HA], so we 
have only one unknown in the equation. 


K [НА] 


[A] = == 
[H*] 
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fraction present in the acidic form = ELO = ___1НА] __ = = ЕЕ 
[НА] + [A7] K, [НА] |. Ka 
[НА] + i 
[H*] [Н] 
[H*] 
K + [H*] 


To derive the equation for the fraction present in the basic form, we need to define [HA] in terms of [A ], so we 
can get rid of the [HA] term. 


_ [НАЈ] 
* [НА] 
[H*][A7] 
K 


[A] [A] 
[HA] + [А7] [H*][A] 
K 


[HA] = 


fraction present in the basic form = 
[A ] * 
a 
IM NM 
+ 
14 
K 


a 


K 


a 
К, + [Н?] 
Preparing Buffer Solutions 
The type of calculations just shown can be used to determine how to make a buffer solution. 


For example, how can 100 mL of a 1.00 M buffer solution with a pH = 4.24 be prepared if you have 1.50 M 
solutions of acetic acid (pK, = 4.76; К, = 1.74 X 107°), sodium acetate, НСІ, and NaOH? 


First, we need to determine what fraction of the buffer is present in each form at pH = 4.24; 4;[H"] = = 5.75 X 10°. 
We start by calculating the fraction of the buffer present in the acidic form. 


[Н] .. 5.75 х 107 
К +[Н*] (174x 1073) + (5.75 х 107) 
_ 5.75 x 107 
7.49 x 10? 
= 0.77 


If a 1.00 M buffer solution is desired, the buffer must be 0.77 M in acetic acid and 0.23 M in sodium acetate. 
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There are three ways to make such a buffer solution: 


1. By mixing the appropriate amounts of acetic acid and sodium acetate in water and adding water 


to obtain a final volume of 100 mL. 


The amount of acetic acid needed: [CH4COOH] = 0.77M 


x = 77 mmol 
Therefore, we need 77 mmol of acetic acid in the final solution. 
To obtain 77 mmol of acetic acid from a 1.50 M solution of acetic acid: 


77 mmol 
ymL 
у = 51.3mL 


= 1.50 М 


Notice that the formula М = mmol/mL is used twice. The first time it is used to determine the 
number of mmol of acetic acid that is needed in the final solution. The second time it is used to 
determine how that number of mmol can be obtained from an acetic acid solution with a known 
concentration. 


The amount of sodium acetate needed: [CH,COO™] = 0.23 М 


x mmol 
100 mL 
x = 23 mmol 


= 0.23 


To obtain 23 mmol of sodium acetate from a 1.50 M solution of sodium acetate: 


23 mmol _ 1.50 М 


у = 153mL 


The desired buffer solution can be prepared using: 51.3 mL 1.50 М acetic acid 
15.3 mL 1.50 M sodium acetate 


33.4 mL H,O 
100.0 mL 
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2. By mixing the appropriate amounts of acetic acid and sodium hydroxide and adding water to 
obtain a final volume of 100 mL. 


Sodium hydroxide is used to convert some of the acetic acid into sodium acetate. This means that acetic 
acid will be the source of both acetic acid and sodium acetate. 


The concentrations needed: [CH43COOH] = 1.00 M 
[NaOH] = 0.23M 


The amount of acetic acid needed: [CH;COOH] = 1.00 M 


x mmol -100M 
100 mL 


x = 100 mmol 


To obtain 100 mmol of acetic acid from a 1.50 M solution of acetic acid: 


100 mmol 
ymL 
у = 66.7 mL 


=1.50 M 


The amount of sodium hydroxide needed: [NaOH] = 0.23 M 


x mmol _ 953 
100 mL 
x = 23 mmol 


To obtain 23 mmol of sodium hydroxide from a 1.50 M solution of NaOH: 


23 mmol 
ymL 
M 


= 150M 


15.3 mL 


The desired buffer solution can be prepared using: 66.7 mL 1.50 M acetic acid 
15.3 mL 1.50 M NaOH 
18.0 mL H,O 
1000, — 


3. By mixing the appropriate amounts of sodium acetate and hydrochloric acid and adding water to 
obtain a final volume of 100 mL. 


Hydrochloric acid is used to convert some of the sodium acetate into acetic acid. 
This means that sodium acetate will be the source of both acetic acid and sodium acetate. 


The concentrations needed: [CH;COONa] = 1.00 M 
[HCl] = 0.77M 
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The amount of sodium acetate needed: [CH;COONa] = 1.00 M 


x mmol _ 
100 mL 
x = 100 mmol 


1.00 M 


To obtain 100 mmol of sodium acetate from a 1.50 M solution of sodium acetate: 


100 mmol =150M 


y = 66.7 mL 


The amount of hydrochloric acid needed: 


[НСІ] = 0.77 M 
x mmol = 077M 
100 mL 


x = 77mmol 
To obtain 77 mmol of hydrochloric acid from a 1.50 M solution of НСІ: 


77 mmol 
ymL 
y = 51.3 ті. 


= 1.50M 


100 mL of a 1.00 M acetic acid/acetate buffer cannot be made from these reagents, because the volumes 
needed (66.7 mL + 51.3 mL) add up to more than 100 mL. To make this buffer using sodium acetate 
and hydrochloric acid, you need to use a more concentrated solution (71.50 M) of sodium acetate 
and/or a more concentrated solution ( 71.50 M) of HCI. 
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Problems on pH, pK,, and Buffers 

Calculate the pH of each of the following solutions: 
а. 1х 10° МНС 
b. 0.60 M HCl 
с. 140 X 10?M HCl 
d. 1 x 103 M KOH 
е. 3.70 X 10 М NaOH 
f. a1.20M solution of an acid with a pK, — 4.23 
g. 1.60 x 1072 M sodium acetate (pK, of acetic acid = 4.76) 
Calculate the pH of each of the following buffer solutions: 


a. A buffer prepared by mixing 20 mL of 0.10 M formic acid and 15 mL of 0.50 M sodium formate 
(pK, of formic acid — 3.75). 


b. A buffer prepared by mixing 10 mL of 0.50 M aniline and 15 mL of 0.10 M НСІ 
(pK, of the anilinium ion — 4.60). 


с. A buffer prepared by mixing 15 mL of 1.00 M acetic acid and 10 mL of 0.50 M NaOH 
(pK, of acetic acid — 4.76). 


What fraction of a carboxylic acid with a pK, — 5.23 will be ionized at pH — 4.98? 


What will be the concentration of formic acid and sodium formate in a 1.00 M buffer solution with a 


pH = 3.12 (pK, of formic acid = 3.75)? 


You have found a bottle labeled 1.00 M RCOOH. You want to identify the carboxylic acid, so you decide to 
determine its pK, value. How can you do this? 


a. How can you prepare 100 mL of a buffer solution that is 0.30 M in acetic acid and 0.20 M in sodium 
acetate using a 1.00 M acetic acid solution and a 2.00 M sodium acetate solution? 


b. The pK, of acetic acid is 4.76. Will the pH of the above solution be greater or less than 4.76? 


You have 100 mL of a 1.50 M acetic acid/sodium acetate buffer solution that has a pH — 4.90. How can 
you change the pH of the solution to 4.50? 


You have 100 mL of a 1.00 M solution of an acid with a pK, — 5.62 to which you add 10 mL of 1.00 M 
sodium hydroxide. What fraction of the acid will be in the acidic form? How much more sodium hydroxide 
will you need to add so that 40% of the acid is in its acidic form (that is, with its proton)? 
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Describe three ways to prepare a 1.00 M acetic acid/sodium acetate buffer solution with a pH = 4.00. 


You have available to you 1.50 M solutions of acetic acid, sodium acetate, sodium hydroxide, and 
hydrochloric acid. How can you make 50 mL of each of the buffers described in the preceding problem? 


How can you make a 1.0 M buffer solution with a pH = 3.30? 


You are planning to carry out a reaction that produces protons. In order for the reaction to take place at 
constant pH, it will be carried in a solution buffered at pH = 4.2. Would it be better to use a formic acid/ 
formate buffer or an acetic acid/acetate buffer? 
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Solutions to Problems on pH, pK,, and Buffers 


1. а. pH = -log(1 X 1073) 
pH = 3 


b. pH = —log 0.60 
pH = 0.22 


с. pH = —log (1.40 x 10?) 
pH = 1.85 


d. РОН = —log (1 X 1073) 
pOH = 3 
pH = 14-3 = 11 


е. РОН = – ог (3.70 х 10“) 
рОН = 3.43 
рН = 10.57 


f. pK, = 4.23, К, = 5.89 х 10° 


_ [H*][A7] 
= [НА] 


х? 


1.20 
2 = 7.07 x 10? 
x = 841 x 10? 
pH - 2.08 


5.89 x 10? 


x 
| 


К, _ [НО НА] 
К [A] 


a 


(K, = 107476 = 1.74 х 103) 
a 


10х10“ | x? 


1.74 x10? 1.60 x 107 


х? 


1.60 х 1072 
x? = 9.20 х 10° 
х = 3.03 x 10° 
рОН = 5.52 
pH = 14.00-5.52 = 8.48 


5.75 х 10719 
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a. formic acid: 20 mL X 0.10M = 2.0 mmol 
sodium formate: 15 mL Х 0.50M = 7.5 mmol 


[HA] 


K = pH + log 
pA, [A" 


2.0 
3.75 = pH + log = 
р 275 


3.75 = pH + log 0.27 
3.75 = pH + (0.57) 
РН = 4.32 


b. aniline: 10 mL х 0.50M = 5.0mmol —> 3.5 mmol aniline (RNH;) 
НСІ: 15 mL х 0.10M = 1.5 ттој 2 1.5 mmol anilinium hydrochloride (RNH;) 


[HA] 
] 


рК = pH + log 
a [A" 


1.5 
4.60 = pH + log — 
Р 835 


4.60 = рН + 1020.43 
4.60 = рН + (-0.37) 
pH = 4.97 


с. acetic acid: 15 mL X 1.00M = 15 mmol —> 10 mmol acetic acid 
NaOH: 10 mL х 0.50 М = 50 тто  — 5.0 mmol sodium acetate 


к = pH + ю А] 
pK, = pH + log 
* [А ] 
10 
195 gH ios = 
Р 50 


4.76 = РН + 1022 
4.76 = рН + 0.30 
РН = 4.46 


125 


The ionized form is the basic form. Therefore, we need to use the equation that allows us to calculate the 


fraction present in the basic form. 


fraction of buffer in the basic form = 


= 0.36 
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| К 1.78 x 107 
4. fraction of buffer in the basic form = m——2—— = ne 
К *[H'] (178 x 107) + (7.59 x 107) 
_ 178 x 107 
9.37 х 10+ 
= 0.19 


[sodium formate] = 0.19M 
[formic acid] = 0.81M 


5. From Ше Henderson-Hasselbalch equation, we see that the pH of the solution will be the same as the pK, of 
the compound when the concentration of the compound in the acidic form is the same as the concentration 
of the compound in the basic form. 


[HA] 


pK, = pH + log 


when [НА] = [А7], 
pK, = pH 
Therefore, in order to have a solution in which the pH will be the same as the рК, the number of mmol of 
acid must equal the number of mmol of conjugate base. 


Preparing a solution of x mmol of RCOOH and 1/2xmmol NaOH gives a solution in which 
[RCOOH] = [RCOO |. 


For example: 20 mL of 1.00 M RCOOH = 20 mmol 
10 mL of 1.00 M NaOH = 10 mmol 


This gives a solution that contains 10 mmol RCOOH and 10 mmol RCOO . 
The pH of this solution is the pK, of RCOOH. 


6. a, Xmmol _ озом xmmo _ 920M 
100 mL 100 mL 
x = 30 mmolofaceticacid x = 20 mmol of sodium acetate 
30 mmol = 100M 20 mmol = 200M 
ymL ymL 
y = 30mL of 1.00M acetic acid у = 10 mL of 2.00 M acetic acid 


The buffer solution can be prepared by mixing: 30 mL of 1.00 M acetic acid 
10 mL of 2.00 M sodium acetate 
60 mL of water 
100 mL 


b. Because the concentration of buffer in the acidic form (0.30 M) is greater than the concentration of 
buffer in the basic form (0.20 M), the pH of the solution will be less than 4.76. 
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7. 


Special Topic I 
Original solution 
-5 
fraction of buffer in the basic form = ———*—— = к= С О ы 
К, + [H*] (1.74 x 107) + (1.26 x 107) 
_ 174 x 10? 
3.00 x 107 
z 0.58 
0.58 x 1.50 M 20.87 M 
[А ] = 087 М 
[НА] = 0.63 М 
Desired solution 
К _ 1.74 x 10° 


fraction of buffer in the basic form = ———&—— = некие 
К, + [H'] (1.74 x 107) + (3.16 x 107) 


174 x 10? 
T 490 x 102 
= 0.35 
0.35 x 1.50 М 20.535 M 
[A7] = 0.53 M 
[HA] = 0.97 M 


The original solution contains 87 mmol of A (100 mL X 0.87 M). 
The desired solution with a pH = 4.50 must contain 53 mmol of A. 
Therefore, 34 mmol of А (87 — 53 = 34) must be converted to HA. 
This can be done by adding 34 mmol of НСІ to the original solution. 
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If you have a 1.00 M НСІ solution, you will need to add 34 mL of it to the original solution in order to change 


its pH from 4.90 to 4.50. 


34 mmol _ 1.00 M 


x = 34 mL 


Note that after adding НСІ to the original solution, it will no longer be а 1.50 M buffer; it will be more dilute 


(150 mmol/134 mL = 1.12 M). 


The change in the concentration of the buffer solution will be less if a more concentrated solution of НС! is 


used to change the pH. For example, if you have а 2.00 М НС! solution: 


34 mmol 
x mL 
x = 17mL 


= 2.00 M 


Copyright © 2017 Pearson Education, Inc. 


128 Special Topic I 


You will need to add 17 mL to the original solution, and the concentration of the buffer will be 
1.28 М (150 mmol /117 mL = 1.28 M). 
8. acid: 100 mL X 1.00М = 100mmolHA > 90mmol НА 
NaOH: 10 mL х 1.00 M = 10 тто НО — 10тта A 
Therefore, 90% is in the acidic form. 
For 40% to be in the acidic form, you need: 


40 mmol HA 
60 mmol A^ 


You need to have 60 mmol rather than 10 mmol in the basic form. To get the additional 50 mmol in the basic 
form, you need to add 50 mL of 1.0 M NaOH. 


9. fraction of buffer _ К, 1.74 x 107 1.74 x 107 


in the basic form k + [Ht] (174 x 105) + (1.00 x 10%) — (174 x 1075) + (10.00 x 1055) 


_ 174 x 107 
11.74 x 10° 
= 0.15 
[A ] = 0.15 М 
[НА] = 0.85 М 
а. [acetic acid] = 0.85 М b. [acetic acid] = 1.00 М с. [sodium acetate] = 1.00 М 
[sodium acetate] = 0.15 М [NaOH] = 0.15 M [НСІ] = 0.85 M 
10. a, ZEI _ (85м 
50mL 
x = 42.5 mmol of acetic acid 
42.5mmol _ 1.50 M 
ymL 


y = 28.3 mL of 1.50 M acetic acid 


x mmol 


= 0.15M 
50 mL 
x = 7.5 mmol of sodium acetate 
7.5 mmol = 150M 
ymL 
y = 5.0 mL of 1.50 M sodium acetate 


28.3 mL of 1.50 M acetic acid 


5.0 mL of 1.50 M sodium acetate 
16.7 mL of H,O 
50.0 mL 
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x mmol = 100M 
50 mL 
x = 50 mmol of acetic acid 
50 mmol = 150M 
ymL 
у = 33.3 mL of 1.50M aceticacid 
x mmol = 015M 
50 mL 
x = 7.5mmol of NaOH 
7.5 mmol = 150M 
ymL 
у = 5.0 mL of 1.50 M NaOH 
33.3 mL of 1.50 M acetic acid 
5.0 mL of 1.50 M NaOH 
11.7 mL of H,O 
50.0 mL 
x mmol = 100M 
50 mL 


x = 50 mmol of sodium acetate 
50 mmol 


————— = 1.50M 
уп, 
у = 33.3 mL of 1.50 М sodium acetate 
x mmol = 0.85M 
50 mL 
x = 42.5 mmol of HCl 
42.5 
42.5 mmol _ 1.5 М 
ymL 


у = 28.3 mL of 1.5 M HCl 


We cannot make the required buffer with these solutions, because 33.3 mL + 28.3 mL > 50 mL. 
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11. 


12. 


Special Topic I 


Because formic acid has a pK, = 3.75, a formic acid/formate buffer can be a buffer at pH = 3.30, because 
this pH is within one pH unit of the pK, value. 


K à 1.78 x 10 * 


fraction of buffer in the basic form = ———£—— = — MÀ етет 
K + [Н+] (178 x 10^) + (5.01 x 10^) 


_ 178 x 107 
6.79 x 107“ 


0.26 


The solution must have [formic acid] = 0.74 М and [sodium formate] = 0.26 М. 


The reaction to be carried out produces protons that will react with the basic form of the buffer in order to 
keep the pH constant. 


Therefore, the better buffer is the one that has the larger percentage of the buffer in the basic form. 


The pK, of formic acid is 3.74. Because the pH of the solution (4.2) is greater than the pK, of the compound, 
formic acid will be primarily in its basic form. 


The pK, of acetic acid is 4.76. Because the pH of the solution (4.2) is less than the pK, of the compound, 
acetic acid will be primarily in its acidic form. 


Therefore, the formate buffer is preferred, because it has a greater percentage of the buffer in the basic form. 
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CHAPTER 3 


An Introduction to Organic Compounds mw 
Nomenclature, Physical Properties, and Structure 


Important Terms 


alcohol 

alkane 

alkyl halide 
alkyl substituent 


amine 


angle strain 


anti conformer 


axial bond 
boat conformer 
boiling point 


chair conformer 


cis fused 


cis isomer 
(for a cyclic compound) 


cis-trans stereoisomers 
common name 
conformation 
conformers 


constitutional isomers 
(structural isomers) 


a compound with an OH group in place of one of the hydrogens of an alkane (ROH). 
a hydrocarbon that contains only single bonds. 

a compound with a halogen in place of one of the hydrogens of an alkane. 

a substituent formed by removing a hydrogen from an alkane. 


a compound in which one or more of the hydrogens of NH; are replaced by an 
alkyl substituent ( RNH;, R;NH, R3N). 


the strain introduced into a molecule as a result of its bond angles being distorted 
from their ideal values. 


the staggered conformer in which the largest substituents bonded to the two 
carbons are opposite each other. It is the most stable of the staggered conformers. 


a bond of the chair conformer of cyclohexane that points directly up or directly down. 
a conformer of cyclohexane that roughly resembles a boat. 
the temperature at which the vapor pressure of a liquid equals the atmospheric pressure. 


a conformer of cyclohexane that roughly resembles a chair. It is the most stable 
conformer of cyclohexane. 


two rings fused together in such a way that if the second ring were considered to 
be two substituents of the first ring, the two substituents would be on the same side 
of the first ring. 


the isomer with two substituents on the same side of the ring. 


see the definition of “cis isomer” and “trans isomer.” 
nonsystematic nomenclature. 

the three-dimensional shape of a molecule at a given instant. 
different conformations of a molecule. 


molecules that have the same molecular formula but differ in the way the 
atoms are connected. 
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cycloalkane 


1,3-diaxial interaction 


dipole-dipole interaction 


eclipsed conformer 


equatorial bond 


ether 


flagpole hydrogens 


functional group 


gauche conformer 


gauche interaction 
geometric isomers 
half-chair conformer 
homologue 


homologous series 


hydrocarbon 


hydrogen bond 


hyperconjugation 


induced-dipole-induced- 
dipole interaction 


an alkane with its carbon chain arranged in a closed ring. 


the interaction between an axial substituent and one of the other two axial substitu- 
ents on the same side of a cyclohexane ring. 


an interaction between the dipole of one molecule and the dipole of another. 


a conformer in which the bonds on adjacent carbons are parallel to each other 
when viewed looking down the carbon-carbon bond. 


a bond of the chair conformer of cyclohexane that juts out from the ring but does 
not point directly up or directly down. 


a compound in which an oxygen is bonded to two alkyl substituents (ROR). 


the two hydrogens in the boat conformer of cyclohéxane that are at the 1- and 
4-positions of the ring. 


the center of reactivity of a molecule. 
a staggered conformer in which the largest substituents bonded to the two 


carbons are gauche to each other; that is, their bonds have a dihedral angle of 
approximately 60^. 


X 60° 


The substituents are gauche to each other. 


the interaction between two atoms or groups that are gauche to each other. 
cis-trans isomers. 

the least stable conformer of cyclohexane. 

a member of a homologous series. 


a family of compounds in which each member differs from the next by one methy- 
lene group. | 


a compound that contains only carbon and hydrogen. 


an unusually strong dipole-dipole interaction between a hydrogen bonded to О, М, 
or F and the lone pair of a different O, N, or F. 


delocalization of electrons by the overlap of a o orbital with an empty orbital. 


an interaction between a temporary dipole in one molecule and the dipole 
that the temporary dipole induces in another molecule. 


Copyright © 2017 Pearson Education, Inc. 


IUPAC nomenclature 


London dispersion forces 
melting point 
methylene group 


Newman projection 


packing 


parent hydrocarbon 


perspective formula 


polarizability 

primary alcohol 

primary alkyl halide 
primary amine 

primary carbon 

primary hydrogen 
quaternary ammonium salt 
ring flip (chair-chair 
interconversion) 


sawhorse projection 


secondary alcohol 
secondary alkyl halide 
secondary amine 
secondary carbon 


secondary hydrogen 
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systematic nomenclature developed by the International Union of Pure and 
Applied Chemistry. 


induced-dipole-induced-dipole interactions. 
the temperature at which a solid becomes a liquid. 
a CH, group. 


a way to represent the three-dimensional spatial relationships of atoms by looking 
down the length of a particular carbon-carbon bond. 


a property that determines how well individual molecules fit into a crystal lattice. 


the longest continuous carbon chain in a molecule; if the molecule has a functional 
group, it is the longest continuous carbon chain that contains the functional group. 


a way to represent the three-dimensional spatial relationships of atoms using two 
adjacent solid lines, one solid wedge, and one hatched wedge. 


the ease with which an electron cloud of an atom can be distorted. 

an alcohol in which the OH group is bonded to a primary carbon. 

an alkyl halide in which the halogen is bonded to a primary carbon. 

an amine with one alkyl group bonded to the nitrogen. 

a carbon bonded to only one other carbon. 

a hydrogen bonded to a primary carbon. 

a compound with four alkyl groups bonded to a nitrogen, plus an accompanying anion. 
the conversion of a chair conformer of cyclohexane into the other chair 
conformer; bonds that are axial in one chair conformer are equatorial in the other 


chair conformer. 


a way to represent the three-dimensional spatial relationships of atoms by looking 
at the carbon-carbon bond from an oblique angle. 


an alcohol in which the OH group is bonded to a secondary carbon. 
an alkyl halide in which the halogen is bonded to a secondary carbon. 
an amine with two alkyl groups bonded to the nitrogen. 

a carbon bonded to two other carbons. 


a hydrogen bonded to a secondary carbon. 
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solubility 
solvation 


staggered conformer 


steric hindrance 


steric strain 


straight-chain alkane 


structural isomers 
(constitutional isomers) 


symmetrical ether 
systematic nomenclature 
tertiary alcohol 

tertiary alkyl halide 
tertiary amine 

tertiary carbon 

tertiary hydrogen 


trans-fused 


trans isomer 
(for a cyclic compound) 


twist-boat conformer 


unsymmetrical ether 


the extent to which a compound dissolves in a solvent. 
the interaction between a solvent and another molecule (or ion). 


a conformer in which the bonds on one carbon bisect the bond angles on the adja- 
cent carbon when viewed looking down the carbon-carbon bond. 


hindrance due to groups occupying a volume of space. 


the repulsion between the electron cloud of an atom or group of atoms and the 
electron cloud of another atom or group of atoms. 


an alkane in which the carbons form a continuous chain with no branches. 


molecules that have the same molecular formula but differ in the way the atoms 
are connected. 


an ether with two identical alkyl substituents bonded to the oxygen. 

a system of nomenclature based on rules. 

an alcohol in which the OH group is bonded to a tertiary carbon. 

an alkyl halide in which the halogen is bonded to a tertiary carbon. 

an amine with three alkyl groups bonded to the nitrogen. 

a carbon bonded to three other carbons. 

a hydrogen bonded to a tertiary carbon. 

two rings fused together in such a way that if the second ring were considered to 
be two substituents of the first ring, the two substituents would be on opposite 


sides of the first ring. 


the isomer with two substituents on opposite sides of the ring. 


one of the conformers of a cyclohexane ring. 


an ether with two different alkyl substituents bonded to the oxygen. 
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Chapter 3 


^^ Solutions to Problems 


1. 


а С„Н»„+2 If there are 17 carbons, then there are 36 hydrogens. 
b. С,Н,„ +2 If there are 74 hydrogens, then there are 36 carbons. 


CH3CH,CH,CH,CH,CH,CH,»CH; | CH4CHCH;CH;CH;CH;CH; 


octane СНз isooctane 
a. propyl alcohol b. butyl methyl ether с. propylamine 
CH; 
a. CH;CHCH,CH; b. CH;4CCH; 
Сн, би, 
2-methylbutane 2,2-dimethylpropane 


Notice that each carbon forms four bonds and each hydrogen and bromine forms one bond. 


СН» 
CH4CH;CH;CH,Br CH3CHCH;CH; снае ае 
| 
Вг СН» Вг 
n-butyl bromide sec-butyl bromide isobutyl bromide tert-butyl bromide 
or 
butyl bromide 


“Dibromomethane does not have constitutional isomers” proves that carbon is tetrahedral. 
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If carbon were flat, rather than tetrahedral, dibromomethane would have constitutional isomers because 
the two structures shown below would be different since the bromines would be 90° apart in one 
compound and 180° apart in the other compound. Only because carbon is tetrahedral are the two structures 


identical. 
H Br 
- Е ТЕ 1а 
В Це 
CH; 
a. CH;CHOH € CH3CH;CHI e ecu 
s бн, бн, 
CH; 
b. CHjCHCH;CH;F d. а f. CH3CH,CH,CH,CH,CH,CH,CH>Br 
un СЕ 
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10. 


п. 


Chapter 3 


тр 


2,2,4-trimethylhexane 
2,2-dimethylbutane 
3-methyl-4-propylheptane 
2,2,5-trimethylhexane 
3,3-diethyl-4-methyl-5-propyloctane 


"RoPP 


Solved in the text. 


ethyl methyl ether с. sec-butylamine 
methyl propyl ether d. butyl alcohol or n-butyl alcohol f. sec-butyl chloride 


e. isobutyl bromide 


f. 5-ethyl-4,4-dimethyloctane 

о. 3,3-diethylhexane 

h. 4-(1-methylethyl)octane or 4-isopropyloctane 
2,5-dimethylheptane 


A substituent can be drawn pointing up from the chain or pointing down from the chain. 


| 
а. CH; CCH, — CHCH,CH,CH,CH; 
CH; CH4CHCH; 


Ма 


A 
b. CH3CHCHCH,CH,CH; 
| 


CH3 


ч 
с. CH3CH;CH;CCH;CH;CH;CH2CH;CH5 
CHCH; 


РФ V 


CH; CH; CH; 


d. CH4CHCH,C —CHCH,CH; 


CH;,CHCH; 


CH; CH; 
ӨЙЫ НОЕН cena 
m 
ibd 


CH;CH;CH;CHCH;CH;CH;CH; 
CH4CCH; 
| 1 
CH; 
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12. 


#2 


#3 


#4 


#5 


#6 


СН3СН›СН›СН›СН›СН›СН›СН+3 
octane 


CH3CHCH;CH;CH;CH;CH; 
| 


CH; 
2-methylheptane 


CH;CH,CHCH,CH»CH,CH; 


СН» 
3-methylheptane 


CH3CH;CH;CHCH;CH;CH; 
| 


CH; 
4-methylheptane 
T 
CH3CCH9CH;CH;CH; 
| 
CH; 
2,2-dimethylhexane 
T 
CH3CH;CCH;CH;CH; 
CH; 
3,3-dimethylhexane 
сен — ТАСС: 


CH; CH; 
2,3-dimethylhexane 


To T5 
CH3CHCH;CHCH;CH; 
2,4-dimethylhexane 


CH, . CH, 


| | 
CH3CHCH;CH;CHCH4 
2,5-dimethylhexane 


#10 


#11 


#12 


#13 


#14 


#15 


#16 


#17 


#18 


Chapter 3 


CH; CH; 
CH34CH;CH — CHCH;CH; 
3,4-dimethylhexane 

СНз CH; 

CH3C о СНСН»СН» 

| 

CH; 
2,2,3-trimethylpentane 

СН» CH; 
CHSCCH/CHCH; 

СН» 
2,2,4-trimethylpentane 

СНз СН» 
CHSCH — CCH;CH; 

CH; 
2,3,3-trimethylpentane 

ТОТ. 
снзсн — CH— CHCH; 

CH; 
2,3,4-trimethylpentane 

CH; СНз 
CH4C— CCH; 

CH; CH; 
2,2,3,3-tetramethylbutane 
CH;4CH;CHCH;CH;CH; 

СН›СН» 
3-ethylhexane 

ЈЕ 
CHsCH,CHCHCHs 

CH;CH; 
3-ethyl-2-methylpentane 
CH4CH;CCH;CH; 


CH;CH; 
3-ethyl-3-methylpentane 
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13. 


14. 


15. 


16. 


Chapter 3 
b. The systematic name is under each structure. 
c. Only #1 (octane or n-octane) and #2 (isooctane) have common names. 
4. #2, #7, #8, #9, #12, #13, #14, #17 
е. #3, #8, #10, #11 
f. #5, #11, #12, #15 
a. isopropyl and (1-methylethyl) с. sec-butyl and (1-methylpropyl) 
b. tert-butyl and (1,1-dimethylethyl) d. isobutyl and (2-methylpropyl) 
ie ie ү 
а. CH;CH,CH,CH»CH3 b. x aec c. CH3CHCH;CH; d. CH3CHCH;CH3 
СН; 

pentane 2,2-dimethylpropane 2-methylbutane 2-methylbutane 
а. 1-ethyl-2-methylcyclopentane f. 1-ethyl-3-isobutylcyclohexane or 
b. ethylcyclobutane 1-ethyl-3-(2-methylpropyl)cyclohexane 
c. 4-ethyl-1,2-dimethylcyclohexane g. 5-isopropylnonane 5-(1-methylethyl)nonane 
d. 3,6-dimethyldecane | h. 1-sec-butyl-4-isopropylcyclohexane or 
е. 2-cyclopropylhexane 1-(2-methylethyl)-4-(2-methylpropyl)cyclohexane 

i. 2,2,6-trimethylheptane 
® 
1 
0 C. N Z^ 
< 
iS; \ | 
~n 
но 07 91) он 
b С С e ON А 
H 
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18. 


19. 


20. 


21. 


Chapter 3 


CH, CH,CH, CH 
a. CH,CHCHCHCH,CH,CH, b. CH;CCH;CH;CHCH; 
CH,CH, CH; сн, 

а. sec-butyl chloride с. isohexyl chloride 
2-chlorobutane 1-chloro-4-methylpentane 
secondary primary 

b. cyclohexyl bromide d. isopropyl fluoride 
bromocyclohexane 2-fluoropropane 
secondary secondary 


sustituent is “chloromethyl,” 
because a Cl is in place of one of 
the Hs of a methyl substituent. 


a. | CH,Ci Note that the name of a СЊС b. Cl CH; 


chloromethylcyclohexane 1-сһого- 1-methylcyclohexane 
с. CH3 CH; CH3 
CI 
Cl 
Cl 
1-chloro-2-methylcyclohexane 1-chloro-3-methylcyclohexane | -chloro-4-methylcyclohexane 


Copyright € 2017 Pearson Education, Inc. 


140 
22. 


23. 


25. 


26. 


Chapter 3 
а. 1. methoxyethane 4. 1-isopropoxy-3-methylbutane (^ 
2. ethoxyethane 5. l-propoxybutane 
3. 4-methoxyoctane 6. 2-isopropoxyhexane 
b. No. 
с. 1. ethyl methyl ether 4. isopentyl isopropyl ether 
2. diethyl ether 5. butyl propyl ether 
3. nocommon name 6. nocommon name 
a. l-pentanol c. 5-methyl-3-hexanol 
primary secondary 
b. 5-chloro-2-methyl-2-pentanol d. 7-methyl-3,5-octanediol (Notice that because there 
tertiary are two OH groups, the suffix is “diol.”) 
both alcohol groups are secondary 
CHOH СЊСЊСЊСЊОН 
common = methyl alcohol common = butyl alcohol or n-butyl alcohol 
systematic — methanol systematic — 1-butanol 
CH3CH,OH CH3,CH,CH,CH,CH,OH 
common = ethyl alcohol common = pentyl alcohol or n-pentyl alcohol 
systematic = ethanol systematic = 1-pentanol ~ 
СН»СН»СН»ОН СЊСЊСЊСЊСЊСЊОН 
common = propyl alcohol or n-propyl alcohol common = hexyl alcohol ог n-hexyl alcohol 
systematic = 1-propanol systematic = 1-hexanol 
ie Ди (о 
о а. БЕТ ome үн 
ОН ОН OH CH; 
di 
2-methyl-2-pentanol 3-methyl-3-pentanol ^ 2,3-dimethyl-2-butanol 
a. 4-chloro-3-ethylcyclohexanol c. 1-bromo-5,5-dimethyl]-3-heptanol 
secondary secondary 
b. 7,8-dimethyl-3-nonanol d. 4-methylcyclohexanol 
secondary secondary 
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27. 


28. 


29. 


30. 


31. 


ров 


1-hexanamine 
hexylamine 
primary 


N-isobutyl-A-methyl-1-pentanamine or 
4-methyl-N-(1-methylpropyl)-1-pentan 
sec-butylisohexylamine 


Chapter 3 


d. N-propyl-1-butanamine 
butylpropylamine 
secondary 


e. N,N-diethyl-1-propanamine 


ine diethylpropylamine 


tertiary 


secondary 
N-ethyl-N-methylethanamine f. N-ethyl-3-methylcyclopentanamine 
diethylmethylamine no common name 
tertiary secondary 
tertiary alkyl halide b. primary amine c. secondary alcohol d. 
CH3CH;CH9NHCH;CHCH3 d. E 
| 
СН» СН» 
| 
Н 
Ур к. мм 
CH4CH;NHCH;CH; e. CH3CH;CHCH;CH; 
| 
H CH “СН; 
УМ 
ава со f. СН» 
СН» 


uri 


2 


6-methyl-1-heptanamine 
isooctylamine 
primary 


cyclohexanamine 
cyclohexylamine 
primary 


The bond angle is predicted to be similar 
The bond angle is predicted to be similar 
The bond angle is predicted to be similar 
The bond angle is predicted to be similar 
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р МСН»СН» 


| 
с. 4-methyl-N-propyl-1-pentanamine 


isohexylpropylamine 
secondary 


4. 2,5-dimethylcyclohexanamine 
no common name 
primary 


the bond angle in water (104.5°). 
the bond angle in ammonia (107.3°). 
the bond angle in water (104.5?). 


the bond angle in the ammonium ion (109.5°). 
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32. 


33. 


34. 


35. 


Chapter 3 


To be a liquid at room temperature, the compound must have a boiling point that is greater than room 
temperature. 


pentane or 2-methylbutane 


Each water molecule has two hydrogens that can form hydrogen bonds, whereas each alcohol mole- 
cule has only one hydrogen that can form a hydrogen bond. Therefore, there are more hydrogen bonds 
between water molecules than between alcohol molecules. 


p а ү. 
H H 

©—н ó—ct; 
H H 


Each water molecule has two hydrogens that can form hydrogen bonds and two lone pairs that can 
accept hydrogen bonds. 

Ammonia has three hydrogens that can form hydrogen bonds but only one lone pair that can accept 
hydrogen bonds. 

Therefore, only one hydrogen of an ammonia molecule can engage in hydrogen bonding, so it will 
have a lower boiling point than water. 


Each water molecule has two hydrogens that can form hydrogen bonds and two lone pairs that can 
accept hydrogen bonds. 

HF has three lone pairs that can accept hydrogen bonds but only one hydrogen that can form a 
hydrogen bond. 

Therefore, only one lone pair of a HF molecule can engage in hydrogen bonding, so it will have a 
lower boiling point than water. 


. НЕ and ammonia can each form only one hydrogen bond, but HF has a higher boiling point because 


the hydrogen bond formed by HF is stronger since fluorine is more electronegative than nitrogen. 


OH OH OH МН» 
Р зри RLW а 
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37. 


38. 


39. 


40. 


Chapter 3 143 


Because cyclohexane is a nonpolar compound, it will have the lowest solubility in the most polar solvent, 
which, of the solvents given, is ethanol. 


CH,CH,CH,CH,CH,OH CH;CH,OCH,CH, CH;CH,OH  CH;CH;CH;CH;CH;CH; 


1-pentanol diethyl ether ethanol hexane 
OH OH OH 
a. N NY > x Y > NN > ON. 
OH О О 


b. НОСЊСЊСЊОН > CH,CH,CH,CH,OH > CH,CH,CH,CH,Cl 


Hexethal would be expected to be the more effective sedative because it is less polar than barbital since 
hexethal has a hexyl group in place of the ethyl group of barbital. Being less polar, hexethal will be better 
able to penetrate the nonpolar membrane of the cell. 


Start with the least stable conformer and then obtain the others by keeping the front carbon constant and 
rotating the back carbon clockwise. 


5 4 1 
а. CH4CH; CH; CH; HCH; 
; H CH;CH, 
H CHCH 
H H H H H н 273 
Н H H 
A C 
B 
CH; сн CH; 
H H Низ CH;CH; H 
H H H H 
CH;CH; CH;CH; H 
D E F 
b. 
Potential 
Energy 
0 60 120 180 240 300 360 


Degrees of Rotation 
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41. a. The Newman projection shows rotation about the C-2—C-3 bond. 
OH 


2“; _ 3-ethyl-2-pentanol 


b. The Newman projection shows rotation about the С-2—С-3 bond. 
NH 
Ма 2-methyl-2-pentanamine 
3 


42. To draw the most stable conformer: put the largest group on the front carbon opposite the largest group on 
the back carbon. 


a. CH; b. СЊСН с. СН»СН» 
H CH; H H H H 
H H H CH3 CH3 CH; 
CH;CH3 CH;CH5 CH;CH; 
E 360° 
43. а, 180° 300 һ. 180° – 
8 9 
180° — 45° = 135° 180° — 40° = 140° 


44. You сап get the total strain energy of cycloheptane by subtracting the strainless heat of formation from the 
actual heat of formation: 


The “strainless” heat of formation of cycloheptane is 7 (—4.92) = —34.4 kcal/mol. 
The actual heat of formation of cycloheptane is —28.2 kcal/mol (from Table 3.8 on page 124 of the text). 


Therefore, the total strain energy of cycloheptane is —28.2 — (—34.4) = 6.2 kcal/mol. 


. a CI Cl b. Cl 
Cl Cl Cl 
СІ СІ 
G CI 
СІ Cl 


[equatorial conformer] _ 5.4 


45 


46. m e I T 
Кы [ axial conformer ] 1 
| [ equatorial conformer] 
% of equatorial conformer = ————————————__——_——_———_-—_ X 100 
[equatorial conformer] + [axial conformer ] 
5.4 


5.4 
54 + 1 i 6.4 EST 
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50. 


51. 


52. 


53. 


54. 
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Two 1,3-diaxial (gauche) interactions cause the chair conformer of fluorocyclohexane to be 0.25 kcal/mol 
less stable when the fluoro substituent is in the axial position than when it is in the equatorial position. 


The gauche conformer of 1-fluoropropane has one gauche interaction (see Figure 3.15 on page 128 of the 
text). Therefore, the gauche conformer is (0.25/2) = 0.13 kcal/mol less stable than the anti conformer 
that has no gauche interactions. 


If both substituents point downward or both point upward, it is a cis isomer. 
If one substituent points upward and the other downward, it is a trans isomer. 


а. cis b. cis с. cis d. trans e. trans f. trans 


Both trans-1,4-dimethylcyclohexane and cis-1-tert-butyl-3-methylcyclohexane have a conformer with two 
substituents in the equatorial position and a conformer with two substituents in the axial position. 


cis-1-tert-Butyl-3-methylcyclohexane will have a higher percentage of the diequatorial-substituted 
conformer because the bulky tert-butyl substituent will have a greater preference for the equatorial position 
than will a less bulky methyl substituent, since the larger substituent will have greater destabilizing 
1,3-diaxial interactions when it is in an axial position. 


a. pu МИ 
3 


CH; 


c. trans-1-Ethyl-2-methylcyclohexane is more stable because both substituents can be in equatorial 
positions. 


a. oneequatorial and one axial in each d. one equatorial and one axial in each 

b. both equatorial in one and both axial in the other е. опе equatorial and one axial in each 

€. both equatorial in one and both axial in the other Ё both equatorial in one and both axial 
in the other 


Solved in the text. 


H H H H 
CH3 H H CH; 
H H H H 


b. There will be equal amounts of the two conformers at equilibrium because they have the same 
stability—each one has one methyl group on an equatorial bond and one methyl group on an axial bond. 


а. 


a. One chair conformer of trans-1,4-dimethylcyclohexane has both substituents in equatorial positions, 
so it does not have any 1,3-diaxial interactions. The other chair conformer has both substituents in 
axial positions. When a substituent is in an axial position, it experiences two 1,3-diaxial interactions, 
so this chair conformer has a total of four 1,3-diaxial interactions. 
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Because the 1,3-diaxial interaction between a methyl group and a hydrogen causes a strain energy of 
0.9 kcal/mol, the chair conformer with both substituents in axial positions is 4 X 0.9 = 3.6 kcal/mol 
less stable than the chair conformer with both substituents in equatorial positions. 


a 1,3-diaxial 
interaction 


b. Each of the chair conformers of cis-1,4-dimethylcyclohexane has one substituent in an equatorial posi- 
tion and one in an axial position. Therefore, the two conformers are equally stable. 


55. Both condensed and skeletal structures are shown. 


ik 
a. ea пр ој d. a а 
CH; CH; CH; 
б PM 
^Y Pd Br 
о 
b. ia аи ES e. CH3CH;CH;?CH;CHCH;CH;CH;CH3 
CH; 
PU 
с. ган. f. CH3CHNCH;CH3 
СН» СН›СН» 
ind a S 
NH; E. 


Copyright © 2017 Pearson Education, Inc. 


2. или 


CHsCCHs 
CH; 


Br 


| 
h. CH;CHCH/CH,CCHICHSCH; 


СНз Вг 


Вг 


CH; 


i. 


Br 


| 
CH;CHCHCH;CHSCH; 
OCH>CH; 


о 


56. "nd он > Сү 
О ОН 


has two groups that 
form hydrogen 
bonds 


O is more 
electronegative 
than N, soOH 
hydrogen bonds 
are stronger than 

NH hydrogen 

bonds 


j- 


Chapter 3 


CHICH/CH,CH,CHCH/CHCH,CHS 


CHCH; 
CHCH; 
CH; 


CH; 


| 
К. снзснгснснсњсњснгсн 


СН» 


1. 


> NT > 


NH, 
primary amines 
form stronger 
hydrogen bonds 
than do secondary 
amines 


CHsCHCH 


CH4CH;CH;CH;CHCH;CH;CH;CH;CH; 


pup > d » 
H 
О 


no hydrogen bonds; 


relatively weak 
only dipole-dipole 


hydrogen bonds 
interactions 
no hydrogen bonds; no dipole-dipole 
weaker dipole-dipole interactions 


interactions than 
oxygen-containing 
compounds because 
N is less electro- 
negative than O 
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57. 


58. 


59. 


60. 


61. 


Chapter 3 
а. 1. 2,2,6-trimethylheptane 7. 3-ethoxyheptane 
2. 5-bromo-2-methyloctane 8. 1,3-dimethoxypropane 
3. 5-methyl-3-hexanol 9. N,N-dimethylcyclohexanamine 
4. 3,3-diethylpentane 10. 3-ethylcyclohexanol 
S. 5-bromo-N-ethyl-1-pentanamine 11. 1-bromo-4-methylcyclohexane 
6. 2,3,5-trimethylhexane 


H 


| 
b. 1. b г 5. B ОЎ О СҮ о. CY^ 


CH; CH; СН 
2. CCRC CH HCH CHCH; 6. но. 10. 
Вг СНз 


3. Fw 7. 290 11. | Cx 


4. Tt & „Оч МИК 


C and D are cis isomers. (Both substituents are downward pointing in C; both substituents are upward 
pointing in D.) 


a 1.3 2.4 b 1.6 2.5 с. 1.3 2.4 
The first conformer (A) is the most stable because the three substituents are more spread out, so its gauche 


interactions will not be as large. (The Cl in A is between a CH; and an H, whereas the Cl in B and C is 
between two CH; groups.) 


© e A 
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62. 


63. 


64. 


65. 


66. 


sao рр 


~ 


> 


mo а © 
e > € 


2-butanamine 
2-chlorobutane 
N-ethyl-2-butanamine 
1-еФохургорапе 
2-methylpentane 


1-bromohexane (larger, so greater surface 
area) 

pentyl chloride (greater surface area than 
the branched compound) 

1-butanol (fewer carbons) 

1-ћехапо! (forms hydrogen bonds) 

hexane (greater area of contact) 

]-pentanol (forms hydrogen bonds) 


c py m 


=. ~ ча 


B 
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2-propanamine 
2-bromo-2-methylbutane 
4-methyl-1-pentanol 
bromocyclopentane 
cyclohexanol 


1-bromopentane (bromine larger and more 
polarizable) 

butyl alcohol (forms hydrogen bonds) 
octane (see Table 3.1) 

isopentyl alcohol (forms stronger hydrogen 
bonds) 

hexylamine (primary amines form stronger 
hydrogen bonds than do secondary amines) 


CH; CH; H H 
H H H H 
H H CH; СН» 
Н Н Н Н 


The one оп the right predominates at equilibrium, because it is more stable since both methyl groups 


are in equatorial positions. 


CH; Н Е СН» 
Н Н H H 
H CH; СН; Н 
H H H H 


There will be the same amount of each one at equilibrium, because they have the same stability since 
each conformer has one methyl group in an equatorial position and one methyl group in an axial position. 


Ansaid is more soluble in water. It has a fluoro substituent that can form a hydrogen bond with water. 


Hydrogen bonding increases its solubility in water. 
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67. The student named only one compound correctly. 


2-bromo-3-pentanol 
4-ethyl-2,2-dimethylheptane 
3-methylcyclohexanol 
2,2-dimethylcyclohexanol 
5-(2-methylpropy!)nonane 
1-bromo-3-methylbutane 


correct 

2,5-dimethylheptane 
5-bromo-2-pentanol 
3-ethyl-2-methyloctane 
2,3,3-trimethyloctane 
N,N,5-trimethyl-3-hexanamine 


эро рр 
morse rm oa 


68. All three compounds are diaxial-substituted cyclohexanes. B has the highest energy. Only B has a 
1,3-diaxial interaction between CH; and СІ, which will be greater than a 1 ,3-diaxial interaction between 
CH; and Н or between Cl and Н. 


69. The only one is 2,2,3-trimethylbutane. 


à 


CH; СНз 
CHsC— CHCHs 
CH; 


"i 
ыыы 


71. First draw the structure so that you know what groups to put on the bonds in the Newman projections. 


3 4 
СН» "n | EY CH) UR СН, == СН» == CH; 


СН» 
T CH; 
| 
а. CHCH; b. CHCH, CHCH3 
H H 
H H H Е 
CHCH; H 
most stable least stable 


c. Rotation can occur about all the C—C bonds. There are six carbon-carbon bonds in the compound, 
so there are five other carbon-carbon bonds, in addition to the С — С, bond, about which rotation 
can occur. 
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73. 


74. 
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d. Three of the carbon-carbon bonds have staggered conformers that are equally stable, because each is 
bonded to a carbon with three identical substituents. 


| 


CH3— CH— СН» — CH, n CH, — СН» 
=| 


CH; 
CH3CH5CH4CH4CH;Br a. l-bromopentane primary alkyl halide 
b. pentyl bromide 
CH3CH?CH;CHCH; | a. 2-bromopentane secondary alkyl halide 
| b. по common пате 
Br 
CH3CH;CHCH;CH; a. 3-bromopentane secondary alkyl halide 
| b. no common name 
Br 
CH; a. 1-бгото-3-те ћу шапе primary alkyl halide 
| b. isopentyl bromide 
CH3CHCH;CH;Br 
СНз a. 1-bromo-2-methylbutane primary alkyl halide 
| b. по common пате 
CH3CH;CHCHjBr 
Br a. 2-bromo-2-methylbutane tertiary alkyl halide 
| b. tert-pentyl bromide 
CH;CH;CCH; 
СН» 
Вг а. 2-bromo-3-methylbutane secondary alkyl halide 
| b. по соттоп name 
CHsCHCHCHs 
CH; 
CH; а. l-bromo-2,2-dimethylpropane primary alkyl halide 
| b. по соттоп name, but in older 
CHSCCHoBr literature, the common name 
CH; neopentyl bromide can be found. 
с. Four isomers are primary alkyl halides. 
d. Three isomers are secondary alkyl halides. 
e. Oneisomer is a tertiary alkyl halide. 
a. butane g. 1-methoxy-5-methyl-3-propylhexane 
b. 1-propanol h. 2,3-dimethyl-6-(2-methylpropyl)decane or 
c. 5-propyldecane 6-isobutyl-2,3-dimethyldecane 
d. 4-propyl-1-nonanol i. 8-methyl-4-decanamine 
e. 2-methyl-5-(1-methylethyl)octane or j.  1-теу!-2-(2-те у ргору усустоћехапе 
5-isopropyl-2-methyloctane or l-isobutyl-2-methylcyclohexane 


f. 6-chloro-4-ethyl-3-methyloctane 


a. CHCH; 


CH; 
more stable СН; СН2СНз 
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b. CH(CH3); 
CH,CH; 
CH(CH3)2 
more stable CH;CH; 
c СН» 


CH; 


more stable 


d. CH,CH, 
CH;CH, 


СЊСНз CH,CH; 
equally stable 
е. CH;CH; V 
(CH3)2CH | (CH3)2CH CH 2CH3 


more stable 


f. у Cem о NT 


(CH3)2CH CHCH, 
more stable 


75. Alcohols with low molecular weights are more water soluble than alcohols with high molecular weights 
because, with fewer carbons, they have a smaller nonpolar component that has to be dragged into water. 


76. a 
т, 
e 
ка 
ч 
5 
© 
с. 
| 1.2 
ms kcal/mol 
0? 120? 240? 360? 
Dihedral Angle 
b. Cl с. 1.2 + 52 = 64 kcal/mol d. 1.2 + 9.3 = 10.5 kcal/mol 
H H 
H H 


Cl 
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78. 


79. 


80. 
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The more stable isomer is the one that has a conformer with both substituents in equatorial positions. 

Using the following structure, you can determine easily the isomer that has both substituents in 
axial positions. That will be the more stable isomer because it will have a conformer with both groups in 
equatorial positions. 


a. The cis isomer of a 1,3-disubstituted compound is the more stable isomer, because it has a conformer with 
both substituents in axial positions. Therefore, its other conformer has both groups in equatorial positions. 


b. The trans isomer of a 1,4-disubstituted compound is the more stable isomer, because it has a conformer with 
both substituents in axial positions. Therefore, its other conformer has both groups in equatorial positions. 


c. The trans isomer of a 1,2-disubstituted compound is the more stable isomer, because has a conformer with 
both substituents in axial positions. Therefore, its other conformer has both groups in equatorial positions. 


Six ethers have a molecular formula of C,;H)20. 


CH3OCH;CH;CH;CH; CH3CHCH;CH4 CH3CH;OCH;CH;CH; 
OCH; 
< Өз ee A т? in М" 
]-methoxybutane 2-methoxybutane ]-ethoxypropane 
butyl methyl ether sec-butyl methyl ether ethyl propyl ether 
CH; 
CH3CHCH; сн СЕН; авео 
ОСН,СН; CH3 CH3 
ин pw pu 
2-ethoxypropane 2-methoxy-2-methylpropane ]-methoxy-2-methylpropane 
ethyl isopropyl ether tert-butyl methyl ether isobutyl methyl ether 


The most stable conformer has two CH; groups in equatorial positions and one in an axial position. 
(The other conformer would have two CH; groups in axial positions and one in an equatorial position.) 


CH; 
CH; 
a. N,6-dimethyl-3-heptanamine d. 2,3-dimethylpentane 
b. 3-ethyl-2,5-dimethylheptane e. S-butyl-3,4-dimethylnonane 
c. 1,2-dichloro-3-methylpentane f. 5-butyl-3,3,9-trimethylundecane (undecane 


is an 11 carbon straight-chain hydrocarbon; 
Table 3.1 on page 89 of the text). 
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82. 


83. 


84. 


85. 


Chapter 3 


One chair conformer of trans-1,2-dimethylcyclohexane has both substituents in equatorial positions, so 
it does not have any 1,3-diaxial interactions. However, the figure on the right on the middle of page 130 
of the text shows that the two methyl substituents are gauche to each other (as they would be in gauche 
butane; see Figure 3.15 on page 128), giving it a strain energy of 0.87 kcal/mol. 


a gauche 
LZZ се interaction 


The other chair conformer of trans-1,2-dimethylcyclohexane has both substituents in axial positions. 
When a substituent is in an axial position, it experiences two 1,3-diaxial interactions. This chair conformer, 
therefore, has a total of four 1,3-diaxial interactions. Each diaxial interaction is between а CH, and an Н, 
so each results in a strain energy of 0.87 kcal/mol. Therefore, this chair conformer has a strain energy of 
3.48 kcal/mol (4 X 0.87 — 3.48). 


a 1,3-diaxial 
interaction 


Therefore, one conformer is 2.61 kcal/mol (3.48 – 0.87) more stable than the other. 


CH,OH 
HO О 


ОН 


6-bromo-2-hexanol 
4-ethyl-3-methylcyclohexanol 
4-bromo-1-ethyl-2-methylcyclohexane 
3-butyl-4-methylcyclopentanamine 


5-methyl-3-hexanol 
1-bromo-2-propylcyclopentane 
2-methyl-3-pentanol 
5-bromo-2-methyloctane 
1,5-hexanediol 


ФЕРЕР 
m шта г 


а. 1-Нехапо! has a higher boiling point than 3-hexanol because the alkyl group in 1-hexanol has stronger 
London dispersion forces, because the OH group of 3-hexanol makes it more difficult for its six 
carbons to lie close to the six carbons of another molecule of 3-hexanol. 


b. The floppy ethyl groups in diethyl ether make it difficult for the water molecules to approach the oxygen 
in order to engage in hydrogen bonding. Therefore, it is less soluble in water than is tetrahydrofuran, in 
which the alkyl groups are pinned back in a ring. 


One of the chair conformers of cis-1,3-dimethylcyclohexane has both substituents in equatorial positions, 
so there are no unfavorable 1,3-diaxial interactions. The other chair conformer has three 1,3-diaxial 
interactions, two between a CH; and an Н and one between two CH; groups. 

We know that a 1,3-diaxial interaction between a CH; and an H is 0.87 kcal / mol. Subtracting 1.7, for 
the two interactions between a CH; and an H, from 5.4 (the energy difference between the two conformers) 
results in a value of 3.7 kcal/mol for the 1,3-diaxial interaction between the two CH; groups. 


и 


Сн, 


Copyright © 2017 Pearson Education, Inc. 


86. 


87. 
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Because bromine has a larger diameter than chlorine, one would expect bromine to have a greater preference 
for the equatorial position that would be indicated by a larger АС”. However, Table 3.9 on page 128 of the text 
shows that it has a smaller AG”, indicating that it has less preference for the equatorial position than chlorine has. 

The C—Br bond is longer than the C—C] bond, which causes bromine to be farther away than chlorine 
from the other axial substituents. Apparently, the longer bond more than offsets the larger diameter. 


а. 7-bromo-6-ethyl-5-decanol 
b. 5-chloro-3-ethyl-2,7-dimethylnonane 
с. 7,7-dimethyl-3-nonanol 


Problem 81 shows that the energy difference between the two chair conformers is 2.61 kcal/mol. 
To calculate the equilibrium constant needed to answer the question, see Problem 19 on page 204 
of the textbook. 


AG? = —2.61 kcal/mol 
AG = —RT In Keg 


—2.61 kcal/mol = —1.986 х 1073 kcal/mol K X 298 К X In Keg 
—2.61 kcal/mol = —0.5918 kcal/mol In Keq 


In Кы = 4.41 
both equatorial 82.3 
Ка = 82.3 = bothaxial 1 
percentage of molecule both e 
| | quatorial 82.3 
= —— = ——— X 100 = 98.8% 
with both groups in = Fo equatorial + both axial 823 + 1 ° 


equatorial positions 


The conformer on the left has two 1,3-diaxial interactions between a CH; and an H (2 X 0.87 kcal/mol) 
for a total strain energy of 1.7 kcal/mol. 


Носи 
H^ 
СН» CH, 
CH3 H 


The conformer on the right has three 1,3-diaxial interactions, two between a CH; and an H (1.7 kcal/mol) 
and one between two CH; groups (3.7 kcal /mol; see Problem 85) for a total strain energy of 5.4 kcal/mol. 
Therefore, the conformer on the left predominates at equilibrium. 


СН» 
CHCH 
RR es NEAN 
CH3 CHCH; 
Because the ethyl and methyl substituents There are two 1,3-diaxial interactions between 
are on adjacent carbons, they experience a a CH, and an H and two 1,3-diaxial interactions 
gauche interaction. between a CH,CH, and an H. 


There аге two 1,3-diaxial interactions 
between a CH, and an H. 


0.96 + 0.87 + 0.87 = 2.7 kcal/mol 


0.87 + 0.87 + 1.00 + 1.00 = 3.7 kcal/mol 
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Сћартег 3 


Chapter 3 Practice Test 


Name the following compounds: 


суми 


Using Newman projections, draw the following conformers of hexane considering rotation about the 
Сз — С, bond: 

a. the most stable of all the conformers 

b. the least stable of all the conformers 


c. agauche conformer 


What are the common and systematic names of the following compounds? 
а. CHSCHDCHCHS b. СЕЗЕНСНОСЕ САОН с. Өз 
Cl СН» Вг 


Rank the three compounds in each set from highest boiling to lowest boiling. 


a. CH3CH»,CH,CH»CH2Br CH4CH;CH;Br CH3CH;CH;CH5Br 
b. CH3CH;CH;CH;CH; CH4CH;CH;CH5OH CH4CH;CH;CH;CI 


тв нз 
с. CHsC— CCHS CH3CH;CH;CH;CH;,CH;CH9CH; CH;CHCH;CH;CH;CH;CH; 
CH; CH; CH, 


Name the following compounds: 


a. CHSCHCFOCHICHCHICHs c. LA 
СН» ОН Вг СН» 


Cl 
| 
b. СЊСЊСНОСЊСНз а. СнасненСњсњСњс! 
СН»СН»СН›СН» . СН»СН» 
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11. 


12. 
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Draw the other chair conformer for the following compound: 
H 


Br H 


CH3 
Which is more stable, cis-1-isopropyl-3-methylcyclohexane or trans-1-isopropyl-3-methylcyclohexane? 


Which of the following has: 

a. the higher boiling point: diethyl ether or butyl alcohol? 

b. the greater solubility in water: 1-butanol or 1-pentanol? 

c. the higher boiling point: hexane or isohexane? 

d. the higher boiling point: pentylamine or ethylmethylamine? 


e. the greater solubility in water: ethyl alcohol or ethyl chloride? 


What are the common and systematic names of the following compounds? 

a. Ба пао b. ИСО с. с. 
СН» CH; СН» 

Draw the more stable conformer of: 

а. cis-l-sec-butyl-4-isopropylcyclohexane 

b. trans-1-sec-butyl-4-isopropylcyclohexane 


с. trans-1-sec-butyl-3-isopropylcyclohexane 


Draw the structure for each of the following: 

a. asecondary alkyl bromide that has three carbons 
b. asecondary amine that has three carbons 

c. an alkane with no secondary hydrogens 

d. aconstitutional isomer of butane 


e. three compounds with molecular formula C,H,O 


Name the following compounds: 


a. ое 9. Вг СІ 
СН; 


OH 
b. CH3;CHCH,CH,CH,CH,CH,Br е. CH3CH,CH»CHCH,OCH,CH,CH,CH; 
бн, 
с. CH4CHCH;CHCH;CH;CH; f. CH,CH;CHjNHCH;CH;CHCH;CH; 
б бн бн, 
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Isomers: The Arrangement of Atoms in Space 


Important Terms 
achiral 


amine inversion 


asymmetric center 
chiral 
chiral probe 


chromatography 


' cis isomer 


cis—trans isomers 
(E,Z isomers) 


configuration 


configurational isomers 


constitutional isomers 


dextrorotatory 


diastereomers 
E isomer 
enantiomerically pure 


enantiomeric excess 
(optical purity) 


enantiomers 


does not rotate the plane of polarization of plane-polarized light. 

a process in which the lone pair of an sp nitrogen of an amine migrates from one 
face of the atom to the other face. This causes the nitrogen’s substituents to move 
like an umbrella inverting in a windstorm. 

an atom that is bonded to four different substituents. 

rotates the plane of polarization of plane-polarized light. 


something capable of distinguishing between enantiomers. 


a separation technique in which the mixture to be separated is dissolved in a sol- 
vent and the solution is passed through a column packed with an adsorbent station- 


ary phase. 


the isomer with substituents on the same side of a cyclic structure, or the isomer 
with the hydrogens on the same side of a double bond. 


isomers that result from not being able to rotate about a carbon-carbon double 
bond. 


the three-dimensional structure of a chiral compound. The configuration at a spe- 
cific atom is designated by R or S. 


stereoisomers that cannot interconvert unless a covalent bond is broken. Cis—trans 
isomers and isomers with asymmetric centers are configurational isomers. 


molecules that have the same molecular formula but differ in the way the atoms 
are connected. 


the enantiomer that rotates the plane of polarization of plane-polarized light in a 
clockwise direction (+). | 


stereoisomers that are not enantiomers. 
the isomer with the high-priority groups on opposite sides of the double bond. 
only one enantiomer is present in an enantiomerically pure sample. 


how much excess of one enantiomer is present in a mixture of a pair of enantiomers, 
expressed as a percentage. 


nonsuperimposable mirror-image molecules. 


158 
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erythro enantiomers 
E,Z isomers 
(cis—trans isomers) 


Fischer projection 


isomers 


levorotatory 


meso compound 


observed rotation 
optically active 
optically inactive 


optical purity 
(enantiomeric excess) 


perspective formula 


plane-polarized light 


plane of symmetry 


polarimeter 


racemic mixture (racemic) 


R configuration 
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the pair of enantiomers with similar groups on two asymmetric centers on the same 
side when drawn in a Fischer projection. 


isomers that result from not being able to rotate about a carbon-carbon double 
bond. 


a method of representing the spatial arrangement of groups bonded to an asymmet- 
ric center. The asymmetric center is the point of intersection of two perpendicular 
lines; the horizontal lines represent bonds that project out of the plane of the paper 
toward the viewer, and the vertical lines represent bonds that project back from the 
plane of the paper away from the viewer. 


nonidentical compounds with the same molecular formula. 


the enantiomer that rotates the plane of polarization of plane-polarized light in a 
counterclockwise direction ( — ). 


a compound that possesses asymmetric centers and a plane of symmetry; it is achi- 
ral, because it has a plane of symmetry. 


the amount of rotation observed in a polarimeter. 
rotates the plane of polarization of plane-polarized light. 
does not rotate the plane of polarization of plane-polarized light. 


the amount of excess of one enantiomer present in a mixture of a pair of 
enantiomers. 


a method of representing the spatial arrangement of groups bonded to an asym- 
metric center. Two adjacent bonds are drawn in the plane of the paper; a solid 
wedge depicts a bond that projects out of the plane of the paper toward the viewer, 
and a hatched wedge depicts a bond that projects back from the paper away from 
the viewer. 


light that oscillates in a single plane. 


an imaginary plane that bisects a molecule so that the two halves are a pair of mir- 
ror images. 


an instrument that measures the rotation of the plane of polarization of plane- 
polarized light. 


a mixture of equal amounts of a pair of enantiomers. 


after assigning relative priorities to the four groups bonded to an asymmetric cen- 
ter, if the lowest priority group is on a vertical axis in a Fischer projection (or 
pointing away from the viewer in a perspective formula), the arrow drawn from the 
highest priority group to the next highest priority group and then to the next high- 
est priority group is clockwise. 
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receptor 


resolution of a racemic 
mixture 


S configuration 


specific rotation 


stereocenter 
(stereogenic center) 


stereoisomers 


threo enantiomers 


trans isomer 


Z isomer 


a protein that binds a particular molecule. 

separation of a racemic mixture into the individual enantiomers. 

after assigning relative priorities to the four groups bonded to an asymmetric cen- 
ter, if the lowest priority group is on a vertical axis in a Fischer projection (or 
pointing away from the viewer in a perspective formula), the arrow drawn from the 
highest priority group to the next highest priority group and then to the next high- 
est priority group is counterclockwise. 

the amount of rotation that will be observed for a compound with a concentration 
given in grams per 100 mL of solution (or g/mL if it is a pure liquid) in a sample 


tube 1.0 dm long. 


an atom at which the interchange of two groups produces a stereoisomer. 


isomers that differ in the way the atoms are arranged in space. 


the pair of enantiomers with similar groups on two asymmetric centers on opposite 
sides when drawn in a Fischer projection. 


the isomer with substituents on the opposite sides of a cyclic structure, or the iso- 
mer with the hydrogens on the opposite sides of a double bond. 


the isomer with the high-priority groups on the same side of the double bond. 
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Solutions to Problems 
1. а. CH;,CH,CH,OH CHsCHOH CH4CH;OCH, 
CH; 
b. There are seven constitutional isomers with molecular formula C4H;90. 
СНз 
CH4CH;CH;CH;OH сњенсњон сњсон CH CHCH,CHs 
CH; CH; OH 
CH3CH,OCH,CH;  CH3OCH;CH;CH; сњоснсн, 
CH; 
CH; CH 
0 Оз, р" р 
CH3CH; CH4CH; 
3. a. land3 
b. 1. Н.С CH;CH;CH, H3C H 3. HC СНз H3C H 
3 мерез dis \ / EN pos Bats j 
с=< с=с с=с с=с 
/ / \ / / \ 
H H H CH;CH;CH; H H H CH; 
cis trans cis trans 
4. L Ow — зэ. “мс ATN 
trans trans cis 
cis 
2. OC 4. ou 
СН» CH; CH; 
5. CH3CH;CH;CH-— CH) CHC = CHCH; CH3CH;C — CH; CH3CHCH = CH; 
6. Only C has a dipole moment of zero, because the bond dipoles cancel since they are in opposite directions. 


ое l 
и ^^ 


сах Н 
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7. а. Сиси» CH3 CERE 
с=с C= 
/ \ / 
H H H CH; 
Z E 
b. CH;CH; CH,CH; CHCH? B 
с=с с=с 
\ / \ 
а H а! CH2CH3 
E Z 
i 
с. CH3CH;CH;CH; EHE CH3CH;CH;CH; Pu 
с=с Ce 
CH3CH? Ке CH3CH) СНС! 
СН» 
2 Е 
Ye 
d. HOCH,CH, (СНз) HOCH,CH, С 
„С = EN c= се 
o= EN Ca. Оле C(CH3)3 
H “ен H 
2 Е 
8. а. —I > –Вг > —OH > -СН, 
b. —ОН > —CH,Cl > -СН=СН, > -CH;CH;OH 
9. The high-priority groups are on same side of the double bond, so tamoxifen has the 2 configuration. 


/ 


N 
RE 


high priority Q > high priority 
С=С 
СУ 


Copyright © 2017 Pearson Education, Inc. 


10. 


11. 


12. 


13. 


14. 


15. 


16. 


17. 
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Cl кре 


а. МР с. ^y 


o^ “н 
2 
СІ НО 
ај 
о “н 


а. (E)-2-heptene b. (Z)-3,4-dimethyl-2-pentene с. (Z)-1-chloro-3-ethyl-4-methy]-3-hexene 


CH; 
НС CHCH; 
N / 
с=с 
/ \ 
H СЊСЊСЊСНА 


а,Ь, с, f, апа h are chiral. 
д, е, and g are each superimposable on its mirror image. These, therefore, are achiral. 


а, с, and f have asymmetric centers. 


Solved in the text. 


а, с, and f, because to be able to exist as a pair of enantiomers, the compound must have an asymmetric 
center (except in the case of certain compounds with unusual structures; see Problem 103). 


a. It has one asymmetric center. 
b. It has three stereocenters. 
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18. Draw the first enantiomer with the groups in any order you want. Then draw the second enantiomer by 
drawing the mirror image of the first enantiomer. Your answer might not look like the ones shown below 
because the first enantiomer can be drawn with the four groups on any of the four bonds. The next one is 
the mirror image of the first one. 


а. 1. сњ ras 3. оп (Н 
C Ке C Ке 
ве“ \“сн,он носну “Вг (сњусн“ \ "СНз СНУ ~CH(CH3)2 
Н Н Н Н 
2. сн сне 
С. C 
A "n, м“ 
CH,CH; \ СН» CH;7 `CH,CH; 
H H 
b. 1. СН; CH; 3. СН» CH; 
вн в но— |н нон 
CH,OH CH,OH CH(CH3) CH(CH3); 
2. CH CH,CI1 CH;CH;CI 
< с, 
CH;CH; CH;CH; 
19. Solved in the text. 
20. а. —CH,OH — CH; —H —— CH;CH;0H 
b. — CH3Br —— OH — СНз — СНОН 
с. — CH(CH3) — CH;CH;Br — С! — СЊСЊСЊВг 


QO др 


2g oS (oq 


O attached only 


forms 2 bonds to attached to 


C, so considered 1C forms 3 bonds to to Hs 
to be attached C, so considered 
to 2 Cs to be attached 
to 3 Cs 


21. Solved in the text. 


Copyright © 2017 Pearson Education, Inc. 


22. 


23. 


24. 


25. 


26. 


27. 


28. 
29. 
30. 
31. 


32. 


33. 


35. 
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а. К 
b. To determine the configuration, first add the fourth bond to the asymmetric center. Remember that it 
cannot be drawn between the two solid bonds. (It can be drawn on either side of the solid wedge.) 


с. В. 
а. $ b. R с. S d. $ 
The easiest way to determine whether two compounds are identical or enantiomers is to determine 


their configurations: if both are R (or both are 5), they are identical, one is R and the other is S, they are 
enantiomers. 


a. identical b. enantiomers с. enantiomers d. enantiomers 
a. ЈЕ b. ү 
CHCH; "Н снусн "Н 
СН» СН»Вг 
Solved in the text. 
СОО" p 
нс, cH "H 
CHCH; CH2CH3 
а. levorotatory b. dextrorotatory 
Solved in the text. 
a. R b. R с. 5 


Solved in the text. 


We see that the (R)-alky! halide reacts with НО“ to form the (R)-alcohol. We are told that the product (the 
(R)-alcohol) is (—). We can, therefore, conclude that the (+)-alcohol has the 5 configuration. 


observed rotation (degrees) 


specific rotation = — > 
concentration (g in 100 mL) x length (dm) 
There are 4 g in 100 mL, so 


+13.4° _ +13.4° 
4x2 


[0] = = +1.68 


a. —24 р. 0 


a. 0 (It is a racemic mixture.) 
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b. 50% of the mixture is excess (+)-mandelic acid. 

Р : observed specific rotation 
optical purity = 0.50 = ме ВБ е .;, 
specific rotation of the pure enantiomer 
observed specific rotation 


+158 


0.50 = 


observed specific rotation = +79 


c. 50% of the mixture is excess ( — )-mandelic acid. 
observed specific rotation = — 79 (For the calculation, see part b.) 


36. a. From the data given, you cannot determine the configuration of naproxen. 
b. 97% of the commercial preparation is (--)-naproxen; 3% is a racemic mixture. Therefore, the 
commercial preparation forms 98.5% (+)-naproxen and 1.5% (—)-naproxen. 


37. Solved in the text. 


38. As a result of the double bond, the compound has a cis isomer and a trans isomer. Because the compound 
also has an asymmetric center, the cis isomer can exist as a pair of enantiomers and the trans isomer can 
exist as a pair of enantiomers. 


um CH;CH3 
EV NN 
Br СН» CH; H3C СН [ “вг 
№ — с^ `c = с“ H 
poor У gus 
H H H H 


CH2CH3 CHCH; 
с c 
Pu " 
Вг У "CH 4 Н Ho „СН? | ~ Br 
= = Н 
С C. ys C. 
H CH; СН» Н 


trans enantiomers 


39. а. enantiomers 
b. identical compounds (Therefore, they are not stereoisomers.) 
c. diastereomers 


40. a. Find the sp? carbons that are bonded to four different substituents; these are the asymmetric centers. 
Cholesterol has eight asymmetric centers. They are indicated by arrows. 


CH; 
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b. 25 = 256 
Only the stereoisomer shown above is found in nature. 


41. Your perspective formulas may not look exactly like the ones drawn here because you can draw the first 
one with the groups attached to any bonds you want. Just make certain that the second one is a mirror 


image of the first one. 


a. Leucine has one asymmetric center, so it has two stereoisomers. 


СОО" СОО" COO^ COO" 
| és, К | ог н—|- књ вин 
(СНУСНСН Pu HU " CH4CH(CH3); 
+NH3 *NH; CH5CH(CH3); CH;5CH(CH3); 
5 R R S 


b. Isoleucine has two asymmetric centers, so it has four stereoisomers. Again, your perspective formulas 
may not look like the ones drawn here. To make sure you have all four, determine the configuration 
of each of the asymmetric centers. You should have R,R, S,S, R,S, and S,R. Notice that the asymmetric 
centers in mirror images have the opposite configurations. 


"00C, „Н H, о COO" COO" 
5 + + 
+ wo сув Les [= C. H—|—NH;R . HjN-1—H 5 
нам, 4 CH,CH, CH4CH; Y NH ор 
H H CH; R CH; Н 5 
5 5 R R 
CHCH; CHCH; 
"00C, H H, coo COO" COO" 
+ + 
HE л Ковш Gg H NH; R HjN——H 5 
H3N* 20 о *NH3 CH; H S H СН; R 
EG RoB CHCH; CH;CH; 
ыы Q and я and 
Br CH; Н» СН; „У Вг 
Q iret 
CH, Вг CH; CH, Вг CH, Вг 


43. B and D have no symmetric centers. 


A and C each has one asymmetric center. E has two asymmetric centers. 
* * * 
e 
A С Е 
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44. 


Chapter 4 
Н H CH 
Е он Нокс iN а HR H cl S 
CI", VCI 
H CH,CH,CH;  CH3CH;CH, H HO HS H OH R 
к 5 в 5 CH,CH,CH; CH;CH4CH 
or 
H H CH 
и». НО” Has a H R 
FS о МН 
cl CH;CH;CH, CH3CH,CH; Cl HO HS Н ОН R 
> m R R СЊСЊСНз CH,CH,CH; 
b. CH; СНз 
H Br S Br Н R 
Br Cl Br Cl T т H T 
э P a m d H Cl R а H S 
5 R R 5 M CCH: Cibi 
г C Br CH; CH; 


CI CH;CH; 
S S 


d. CHSCH;Br 


С... 
CHSCH; МН 
Вг 

5 


CH;CHjBr 
Br H 


CH;CH; 
5 


+ 
n 


R R H H 
CI H 5 Н Cl R 
СН»СН» CHCH; 
CH; CI HR H cl S 
Cla: С c. 
2^ GI CI HS H СІ R 
CHCH/ — "y 
R S СЊСНз CH;CH; 
or 
CH 
ака H cls с HR 
i 
сњену М с HS нрав 
к R CHCH; CH;CH; 
об 
we’ 
Н" “снн; 
Вг 
R 
or 
СЊСЊВг 
Н Вг 
СН›СН» 
R 
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45. 


46. 


47. 


48. 


49. 


50. 


Chapter 4 169 


5 


R 5 R 5 
он но он но 
5 
R Е“, б 
CH; CH3 CH, CH3 


cis-2-methylcyclohexanol trans-2-methylcyclohexanol 


Cl СНз СН; 


Cl а 


l-chloro-1-methylcyclooctane ^ cis-1-chloro-5-methylcyclooctane ^ trans-l-chloro-5-methylcyclooctane 
There is more than one diastereomer for a, b, and d; c has only one diastereomer. 
To draw a diastereomer, switch any one pair of substituents bonded to one of the asymmetric centers. 


Because any one pair can be switched, your diastereomer may not be the one drawn here, unless you hap- 
pened to switch the same pair that was switched here. 


a. CH; c. НС H 
N / 
H OH „С=С. 
H 
HO H H СНз 
СН; 
b. Cl H 


~ д. 
Н с m c= Cl HO XH 
/ N 
CH3CH; CH; 


А = identical В = enantiomer C = diastereomer D = identical 


B, D, and F because each has two asymmetric centers and the same four groups bonded to each of the 
asymmetric centers. 

А has two asymmetric centers, but it does not have a stereoisomer that is a meso compound, because it 
does not have the same four groups bonded to each of the asymmetric centers. 

C and E do not have a stereoisomer that is a meso compound, because they do not have asymmetric 
centers. 


Solved in the text. 
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51. а. CHCH; снн, | CH,CH,Cl CH;CH;CI 
A Ж о ог Н СН» СН» Н 
\ “н H'/ “СН,СН,СІ 
Че ен. CH; ^^ CH;CH; CH;CH; 
b. СН» 


CH3CHCH2OH Мо stereoisomers, because the compound does not have an asymmetric center. 


с. үз з СНОН СНОН 
A „©. ог Н Вг BH 
\ “н H* CH,OH 
HOCH, р, в : CHCH; CH;CH; 
CH; CH; 
d. HjC H H ‚Сн; НО Н H OH 
EOC E A oC ср. Di H H Br 
HO! / CH, CH H 
CH; CH; 
or 
CH CH 
HC, H H, „сна : З 
с=с Вг Вс... Н ОН НО Н 
Hu N CHÍ МН 
CH; CH; 
CHCH; 
H CI 
е. СН»СН» Ke! 
Sc—c-7H H а! 
H"/ М. ог 
с! CH2CH3 CH;CH; 
a meso compound a meso compound 
CH;CH; CH;CH; 
CH3CH3 H H CHCH 
x а ae 2 з H CI Cl H 
uc C С = Сел, 
/ CH.CH H CI H H CI 
Cl | 283 CH4CH; Cl 
CH;CH; CHCH; 
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Cl Cl 

cl 202 cl 

Cl Вг Br Cl 
Br Br 


CH;CI 
OH 
СІ 


СЊСНз 
(2S, 3R)-1,3-dichloro-2-pentanol 


CH;CI 


CHCH; 
(2S,3S)-1,3-dichloro-2-pentanol 


СЊСНз 
(2S,3R)-1,3-dichloro-2-pentanol 


CICH, H 

Ке с=а 
н“; 

7 \ 
HO CH,CH; 


(2S,3S)-1,3-dichloro-2-pentanol 
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The cis stereoisomer is 
a meso compound. 


The cis stereoisomer is 
a meso compound. 


This compound does not have any asymmetric centers, 
so it has only cis-trans isomers. 


This compound does not have any asymmetric 
centers, so it has only cis-trans isomers. 


52. and 53. How to draw perspective formulas for compounds that have two asymmetric centers is described on 
page 175 of the text. 
a. 


CH;CI 
HO H 
cl H 

CH;CH; 


(2R,3S)-1,3-dichloro-2-pentanol 


CH;CI 
HO H 
H а 
СН»СН» 
(2R,3R)-1,3-dichloro-2-pentanol 
Cl CH,Cl 
Helle / 
К Сн 
CH3CH; OH 


(2R,3S)-1,3-dichloro-2-pentanol 


H, CH;CI 
Cla: 
С же С uum 
/ NH 
CH3CH; OH 


(2R,3R)-1,3-dichloro-2-pentanol 
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54. 


55. 


56. 


57. 


58. 
59. 


60. 


61. 


Chapter 4 


“но TR 


Ne— c^ CHOH 


H` \ 
мнсснсь 


О 
NO, 


Your answer might be correct yet not look like the answers shown here. If you can get the answer shown 
here by interchanging two pairs of groups bonded to an asymmetric center on the structure you drew, then 
your answer is correct. If you get the answer shown here by interchanging one pair of groups bonded to an 
asymmetric center, then your answer is not correct. 


а. Cl с. Н.С Н 


| | oe c= CHCH; 
носњсну V, E Hd ^ ^он 
7-7?  CHCH, 3 
b Br H d СН,Вг 
Ne c% СНС | 
cuf B = 
3 г СН›СН; 
а. (3R,4S)-3-chloro-4-methylhexane с. (1R,3S)-3-bromocyclopentanol 
b. (25,35)-2-бгото-3-сћогоретапе d. (2R,3R)-2,3-dichloropentane 


The first structure is 2R,3S. Therefore, naturally occurring threonine, with a configuration of 25,3R, is the 
mirror image of the first structure. Thus, the second structure is naturally occurring threonine. 


Solved in the text. 


СН» 
но HO, H 
eee С — С — r 
Вг—5] _н H'/R SN 
СН» СН» 
СН» 
Solved in the text. 
Cl H CI 
До): : 
Ссс : 
СНУ; SN БКС ий 
Н CH;CH; i 
OH 
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62. 


63. 


65. 


66. 
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Start by naming the first stereosiomer. Finding that А is 2R,3R allows you to answer both questions. 


a. A is D-erythrose. b. p-Threose has the opposite configuration at C-2 and the same 
-О О configuration at C-3. Therefore, С is D-threose. 
2 
eT 
C 
н он 
н— он 
CH,OH 


Compound A has two stereoisomers, because it has an asymmetric center (at N). 
Compound B does not have stereoisomers, because it does not have an asymmetric center. 


Compound С has an asymmetric center at N but, because of the lone pair, the two enantiomers rapidly 
interconvert, so it exists as a single compound. 


(+)-Limonene has the R configuration, so it is the stereoisomer found in oranges and lemons. 


СН» CH; 
CH,CH-—CHCH;CH; CH,—CHCH,CH2CH; CH3;C—CHCH; CH3CHCH—CH; 
2 stereoisomers no stereoisomers no stereoisomers no stereoisomers 


[cis and trans] 


сн, ы ZEN а 
СН»СН»С к= CH; CH3 CHCH; CH; СНз 
по stereoisomers no stereoisomers no stereoisomers 3 stereoisomers 

[Cis is a meso compound. ] 
СН» [Trans is a pair of enantiomers.] 
no stereoisomers no stereoisomers 
a. 
Br CI СІ Вг СТ Вт 
Те {н СН» CH; 
Сеи, "С Н Вг Вг Н 
b. снуснсн/ X'"H + н“/ “снснснз ° а 
| СНз Н; | СЊСНСНз СЊСНСЊ 
СНз СНз | | 
СН» СНз 


с. 


а а а а а а 
a meso compound 
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а. CH; CH; CH; СН» "А 
Н Вг Вг Н Н Br Br H 
H H H H H H H 
H Cl Cl H Cl H H Cl 
СН» СН» СН» СН; 
e. (уа Be уза 
cis and trans 
f. CH! CH; CH; "CH сн” CH; 
CH; CH; CH; CH; 
g. CH; | R S c fe sq | R s | P. 
/NH Н", /NH HYN 
с=с Вг Br” ae с=с Вг h^ с=с 
/ \ / \ / / \ 
H H H H CH; H H СН; 
cis trans 
СНз 
h. CH34CH;CCH;CH; Мо isomers are possible for this compound, because it does not have ап t 
| asymmetric center. 
CH; 
CI Br Br CI а! "Br Br Cl 
Br Br 


cis and trans only (no asymmetric centers) 


67. Only the fourth one (СНЕВгС!) has an atom with four different atoms attached to a carbon, so it is the 
only one that has an asymmetric center. 


68. а. (2К,3К)-3-сМого-2-ретапо! 


b. (S)-2-methyl-1,2,5-pentanetriol 
c. (25,35)-1,2-dibromo-2-methyl-3-pentanol 
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69. 


70. 


71. 


72. 


73. 


74. 


75. 
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Mevacor has eight asymmetric centers, which are indicated by stars. 


a. 


с. 


а. 


7, b. E c. E d. Z e. E Ё, Е 


diastereomers (one asymmetric center has the same configuration in both compounds, and the other 
has the opposite configuration in both compounds) 

enantiomers (they are mirror images) 

constitutional isomers 

diastereomers (the configuration of two asymmetric centers is the same, and the configuration of one 
asymmetric center is different) 

diastereomers 

identical 

diastereomers 

indetical 


— CH=CH), > —CH(CH35 >  —CH;CH;CH; > — CH; 
— OH > —NH > — CHOH > —СН›МН» 


— С! > —С(=О)СН; > —C=N > —CH=CH, 


H b. H с. Н 
Е Е Е 1 Е [ 
I I F I I F 
H H H 


Only the compound on the far right is optically active, because it is the only one that has one or more 
asymmetric centers. | 


а. 
b. 


Because there are two asymmetric centers, there are four stereoisomers. 


H 
2 МНСНз 
но" С 
Н СН» 
R 5 
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76. 


77. 


78. 


79. 


80. 


81. 


82. 


Chapter 4 
а. (R)-3-bromo-2,5-dimethylhexane с. (2R,4S,6S)-4-chloro-6-methyl-2-octanol 
b. (2R,4R)-4-methyl-2-hexanol 


Compounds A, D, E, F, I, and J have a stereoisomer that is achiral. 


Compounds A, D, F, I, and J have two asymmetric centers bonded to identical substituents. 


Therefore, there are three stereoisomers, one of which is an achiral meso compound. 


Compounds E and H do not have any asymmetric centers; they have cis and trans stereosiomers, 


so each is achiral and, therefore, each has an achiral stereoisomer. 


Compounds B and G each have two asymmetric centers bonded to different substituents. 


Therefore, there are four stereoisomers, all of which are chiral. 


Compound C does not have any asymmetric centers. 


Therefore, it is achiral and does not have any stereoisomers. 


Cl Cl Cl Cl Cl Cl Cl Cl 
6 PW Wm pu У P pe wm 


[а] 


ов 


One asymmetric center has the same configuration in both compounds; the other asymmetric center 
has the opposite configuration in both. Therefore, the compounds are diastereomers. 

Both asymmetric centers in one compound have the opposite configuration in the other, so the com- 
pounds are enantiomers. 

They are identical because if one is flipped over, it will superimpose on the other. 

They are constitutional isomers because the atoms are hooked up differently; one compound is 
1-chloro-2-methylcyclopentane, and the other is 1-chloro-3-methylcyclopentane. 


14 
2CH;COOH 


(S)-citric acid 
The reaction is catalyzed by an enzyme. Only one stereoisomer is typically formed in an enzyme- 
catalyzed reaction because an enzyme has a chiral binding site that allows reagents to be delivered to 
only one side of the functional group of the reactant. 
The product of the reaction is achiral, because if it does not have а “С label, the two СНСООН 
groups are identical, so it does not have an asymmetric center. 


DERE PM —18? een 
= IXc [20dm][15ginl00mL] 
identical e. constitutional isomers 

identical f. diastereomers 
enantiomers g. constitutional isomers 
constitutional isomers h. enantiomers 


Copyright © 2017 Pearson Education, Inc. 


у 


83. 


84. 


85. 


86. 
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| +1.4 i 
optical purity = +87 = 0.16 = 16% excess К enantiomer 


100% — 16% = 84% is a racemic mixture 
Renantiomer = 1/2 (84%) + 16% = 42% + 16% = 58% 


а. К с ха мыры е. Ci 


H + Cl 

CH;CH; 

S 
Fisher projections show the molecule with eclipsed bonds. 
Therefore, to answer parts e and f, first rotate the Newman 
projection so it is eclipsed. Then turn the Newman projection 
into a Fisher projection. (See page 188 in the text.) 


Butaclamol has four asymmetric centers; three of them are carbons, and one is a nitrogen. 


The only way that R and 5 are related to (+) and (—) is that if the configuration of one enantiomer (for 
example, the К enantiomer) is (—), the the configuration of the other enantiomer is (+). 

Because some compounds with the R configuration are (+) and some аге (— ), there is no way to determine 
whether a particular R enantiomer is (+) or (—) without putting the compound in a polarimeter or finding 
out whether someone else has previously determined how the compound rotates the plane of polarization 
of plane-polarized light. 
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87. 


88. 


89. 


Chapter 4 


First convert the staggered Newman projection to an eclipsed Newman projection, which can then be 
converted to a Fischer projection because that too is eclipsed (see page 188 of the text). Then name the 
Fischer projection. 


a. 


a. 


Because one is R and the other 15 5, they are enantiomers 
OH 


Н.С OH 
H a 
H CH; 
Н СН, CH;CH; 
СНз 
CH; 
H4C CH; 
H CH; CH; 
H = он 
H OH n 
H OH CH;CH; 
H H 
Because one is R,R and the other is 5,5, they are enantiomers. 
H Du H—ÉL— сњсњ 
R 
H CH;CH; Фен,  ” Н 
С1 Cl 
ae Cl CHCH; CH;CH; 
Ny 
H Br 
H CH di, 
Br а 


The compound has four о 


СНОН СНОН CHOH СНОН 
H OH OH HO H 
H OH OH HO H 
H OH H H OH 
CHOH СНОН CH;OH СНОН 


The first two stereoisomers are optically inactive because they are meso compounds. 
(Each has a plane of symmetry.) 


а р. BrCH; OH с. Mate .CH2CH3 
S.H = Н 
С. не СС Ввг“/С— С 
РА N N 
Вг” \ H А CH=O ut Br 
CHCH;CH; 
R R R R 5 
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a. and b. 


CH,CH, 


n 


ethylcyclobutane 


H 


CH; CH; 


cis-1,2-dimethylcyclobutane 


cis-1,3-dimethylcyclobutane 


c. 1. ethylcyclobutane 
1,1-dimethylcyclobutane 
1,2-dimethylcyclobutane 
1,3-dimethylcyclobutane 


CH; 
Te. 


1,1-dimethylcyclobutane 


сн; “сн _ "CH, 


3 СН» 


trans-1,2-dimethylcyclobutane 


«Сн, 


d 


CHj 


trans-]1,3-dimethylcyclobutane 


2. the three isomers of 1,2-dimethylcyclobutane 
the two isomers of 1,3-dimethylcyclobutane 


3. cis- and trans-1,2-dimethylcyclobutane 
cis- and trans-1,3-dimethylcyclobutane 


4. thetwo stereoisomers of trans-1,2-dimethylcyclobutane 


5. allthe isomers except the two stereoisomers of trans-1,2-dimethylcyclobutane 


6. cis-1,2-dimethylcyclobutane 


(Note: cis-1,3-dimethylcyclobutane is not a meso compound because it does not have any 


asymmetric centers.) 


7. the two stereoisomers of trans-1,2-dimethylcyclobutane 


8. cis-1,3-dimethylcyclobutane and trans-1,3-dimethylcyclobutane 


cis-1,2-dimethylcyclobutane and either of the enantiomers of trans-1,2-dimethylcyclobutane 
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А observed rotation 
91. observed specific rotation = 


concentration x length 
БРЕ = =—34.9 
0.187 g 1100 mL x 1 dm 
и | observed specific rotation | x 100 

specific rotation of the pure enantiomer 

_ 34.9 x100 
—39.0 

= 89.5% 

% of the (+)-isomer = a = 5.25% 


% of the (—)-isomer = 89.5 + 5.25 = 94.75% 


92. a. diastereomers [The configuration of all the symmetric centers is not the same in both (then the two 
would be the same) and not opposite in both (then the two would be enantiomers.)] Recall that diaste- 
reomers are stereoisomers that are not enantiomers. 

b. identical (by rotating the first compound clockwise, you can see that it is superimposable on the other) 
с. constitutional isomers 
d. diastereomers (the configuration of all the stereoisomers is not the same in both and not opposite in 


both) 
93. а. Br i d. L Е Ц 
үш ог „а Вг “Br вг“ Вг 
СН›СН›СН» СН»СН›СН» 
b. А СНз е. CH;CH; CH;CH; 
| CH 
с^ : с H H CH, CH, H 
tt, or 
CH,CHY bu H а H CH; H CH; 
CH;CH; H CH, CH H 
© СЊСНз CH;CH; 
СН» СН» 
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"^^ — 94 a CHCH;CHs 
CH; 

CH4CH;CH CH(CH3) 

CH4CH;CH, 
b OH OH 
H H 
соон  H90C 
CH; CH; 


These represent the most stable 
conformer of each enantiomer. 


95. In the transition state for amine inversion, the nitrogen atom is sp? hybridized, which means that it has bond 
angles of 120°. A nitrogen atom in a three-membered ring cannot achieve a 120° bond angle, so the amine 
inversion that would interconvert the enantiomers cannot occur. Therefore, the enantiomers can be separated. 


96. The fact that the optical purity is 7296 means that there is 72% enantiomeric excess of the 5 isomer and 28% 
racemic mixture. Therefore, the actual amount of the 5 isomer in the sample is 7296 + 1/2(28%) = 86%. 
The amount of the R isomer in the sample is 1/2(2896) = 14% (or 100% — 86% = 14%). 


97. А = а фачетеотег C = adiastereomer Е = adiastereomer 


m~ B = adiastereomer D = adiastereomer 
98. а. cl Cl С! СІ Cl СІ 
CI а а “Cl Cl Cl 
cl Cl Ci Cl a ч 
Cl Cl Cl 
нар брег Cl 
Cl cl Cl 


~ 
~ 


СГ Cl 


This is a pair of enantiomers 
because they are 
nonsuperimposable 


H^ 7 FAC mirror images. 
а Cl Cl Cl 
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с. СІ, СІ This is the most stable stereoisomer. Because the 

Е chloro substituents are all trans to each other, they 
can all be in the more stable equatorial position. 
(Кеса! that there is less steric strain when a sub- 
stituent is in the equatorial position.) 


c а 


99. а. 


100. 


101. Yes, as long as the Fischer projection is drawn with the #1 carbon at the top of the chain of carbons. 


102. The trans compound exits as a pair of enantiomers. 
-""С(СН;)» (CH4C 


CH; СН; 


As а result of ring flip, each enantiomer has two chair conformers. Іп each case, the more stable conformer 
is the one with the larger group (the tert-butyl group) in the equatorial position. 


H H 
СН» СН» 
H3C H H СНз (CH3)3C 
H C(CH3)3 (CH3)3C H H 
more stable more stable 
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103. а. The compounds до not have any asymmetric centers. 


b. 1. 
2. 


It is not chiral. 
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It is chiral. Because of its unusual geometry, it is a chiral molecule, even though it does not have 
any asymmetric centers, because it cannot be superimposed on its mirror image. This will be eas- 


ier to understand if you build models. 


с=<=<. | с=<е=< 
/ ~ А 
Н Н р Н 
mirror 
images are superimposable 
HT „Н : H, 
с=<=<. ; "C=C 
4 ~ "4 
СН» CH; ' CH3 
mirror 


images are not superimposable 


104. The compound is not optically active because it has a point of symmetry. 


A point of symmetry is a point, and if a line is drawn to this point from an atom or a group and then 
extended an equal distance beyond the point, the line will touch an identical atom or group. 


point of symmetry 
Br 


а 


Вг Cl 


105. 
a. Br с. Н 
| R 
но сн, Mn Br 
H CH=CH) 
b. Cl d. HC—O 
H СН» НО н 5 
R Снос! H OH R 
H OH R 
CH,OH 
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Br 
R 
CH3 
H 5 Вг 
CH; 
Cl H 
R 
H Br 
СНз 
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Chapter 4 Practice Test 


Are the following pairs of compounds identical or a pair of enantiomers? 


H CH; CHCH; (н. 
а. сњањ онон апа нони, b. C. and _ С 
CHS \“н СГ/ “CH CH; 
СН» СЊОН а H 


Label the following substituents in order from highest priority to lowest priority in the E,Z system of 
nomenclature. 


| 
—ссњ  —CH—CH, —Cl —C=N 


100 mL of a solution containing 0.80 g of a compound rotates the plane of polarization of plane-polarized 
light —4.8° in a polarimeter with a 2 dm sample tube. What is the specific rotation of the compound? 


Which are meso м. 


кейс: сс: 


CH;CH; CH;CH; CH;CI 


Draw all the constitutional isomers with molecular formula C4H3CI. 


Do the following compounds have the Е or the 2 configuration? 


СН» а О 
а. снуснсн, СЊСЊСЊВг b. cca Á 
с=с C=C CH 
CH;CH _ сЊОН CHCH CHOH 
СН; m 


Draw all the possible stereoisomers for each compound that has them. 


a. Paes d. CH,4CH,CHCH;CH;CI 
HO OH | 


Cl 
b. CH4CHCHCH;CH; e. 
Wi 
Br OH 
с.  CH4CH;CHCH;CH; f. но—( с, 
а 
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8. 


11. 


12. 


13. 


Chapter 4 185 


Which of the following three perspective formulas аге the same as the Fischer projection shown here? 


COOH 
HO H 
H OH 
СН» 
HO oH N „ОН НО „ОН 
Н" Сон HO" C—C ~H н" С Сон 
HOOC CH; НООС CH; НООС CH3 


(R)-(— )-2-methyl-1-butanol can be oxidized to (+ )-2-methylbutanoic acid without breaking any of the 
bonds to the asymmetric center. What is the configuration of (— )-2-methylbutanoic acid? 


CHOH COOH 
l oxidation 4 
CH; VH CH; VH 
CHCH; CHCH; 
(R)-(—)-2-methyl-1-butanol (+)-2-methylbutanoic acid 


(—)-Cholesterol has a specific rotation of — 32. What would be the observed specific rotation of a solution 
that contains 25% ( + )-cholesterol and 75% (— )-cholesterol? 


Draw and label the Е and Z stereoisomers of: 


а. l-bromo-2,3-dimethyl-2-pentene b. 2,3,4-trimethyl-3-hexene 


Which of the following have the R configuration? 


H CH3 CH;CH?Br | OH 
CH3CH; — СН» СН»СН» —- Н CH3CH; + СН» сиси, СН» 
Вг ОН Вг Н 


CHBr тв тв СНС: 


С. Ке .C C. 
СН i"H H'/ ~CH,CH CH;0`/ ``СН›СН СГМ ~CH=CH 
3 Br HO CH2CH3 H 2CH3 H 2 


Answer the following: 


a. Arethe following compounds identical or a pair of enantiomers? 


H СНОН 


ссн —— снн ncn 


СНз СНз 
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14. 


15. 


Сћаргег 4 
b. Put the remaining groups on the structure so it represents (R)-2-butanol. 
ie’ 
C., 
a он 


с. Put the remaining groups on the Fischer projection so it represents the Newman projection shown. 


CH3 СН» 
НО H 
H Cl 
СН»СН» СН»СН» 


d. Draw a diastereomer for each of the following: 


1. 2. СН; 


а а 
CH; 


Indicate whether each of the following statements is true or false: 


a. Diastereomers have the same melting points. T F 
b. 3-Chloro-2,3-dimethylpentane has two asymmetric centers. T 
c. Meso compounds do not rotate the plane of polarization of 

plane-polarized light. T F 
d. 2,3-Dichloropentane has a stereoisomer that is a meso compound. T F 
e. All chiral compounds with the R configuration are dextrorotatory. T F 


f. Acompound with three asymmetric centers can have a maximum 
of nine stereoisomers. T F 


Which of the following have cis-trans isomers? 
CH3CH;CH;CH = CH5 катане = CHCH; CH3CH2CH = ye CH3CH42CH2CH = rites 
СН» Вг CH3 
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Alkenes: Structure, Nomenclature, and an Introduction to Reactivity • Thermodynamics and Kinetics 


Important Terms 


active site 


acyclic 

addition reaction 
alkene 

allyl group 
allylic carbon 
allylic hydrogen 


Arrhenius equation 


catalyst 


catalytic hydrogenation 


coupled reactions 
degree of unsaturation 
electrophile 


electrophilic addition 
reaction 


endergonic reaction 
endothermic reaction 


enthalpy 


entropy 


enzyme 


exergonic reaction 


the pocket of an enzyme where all the bond-making and bond-breaking steps of an 
enzyme-catalyzed reaction occur. 


noncyclic. 

a reaction in which atoms or groups are added to the reactant. 
a hydrocarbon that contains a double bond. 

CH, = CHCH,— 

an sp? carbon adjacent to a vinyl carbon. 

a hydrogen bonded to an allylic carbon. 


an equation that relates the rate constant of a reaction to the energy of activation 
and the temperature at which the reaction is carried ош (k = Ae ЕТ). 


a species that increases the rate at which a reaction occurs without being consumed 
or changed in the reaction. 


the addition of hydrogen to a double or a triple bond with the aid of a metal 
catalyst. 


an endergonic reaction followed by an exergonic reaction. 
the sum of the number of т bonds and rings in a hydrocarbon. 
an electron-deficient atom or molecule. 


an addition reaction in which the first species that adds to the reactant is an 
electrophile. 


a reaction with a positive AG?; it consumes more energy than it releases. 
a reaction with a positive A H°. 


the heat given off (if AH? < 0) or the heat absorbed (if AH? > 0) during the 
course of a reaction. 


a measure of the freedom of motion in a system. 
a protein that is a biological catalyst. 


a reaction with a negative ДО“; it releases more energy than it consumes. 


187 
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exothermic reaction 


experimental energy of 


activation 
(E, = AH* + RT) 


free energy of activation 


(AG?) 
functional group 


Gibbs free- 
energy change (AG°) 


heat of hydrogenation 
hydrogenation 
intermediate 

kinetics 


kinetic stability 


Le Chátelier's principle 


mechanism of the reaction 


metabolic pathway 


molecular recognition 


nucleophile 
pheromone 

rate constant 

rate of a reaction 
rate-determining step 


or 
rate-limiting step 


a reaction with a negative ДАН". 
a measure of the approximate energy barrier to a reaction. 
(It is approximate because it does not contain an entropy component.) 


the energy barrier to a reaction. 


the center of reactivity of a molecule. 


the difference between the free energy of the products and the free energy 
of the reactants at equilibrium under standard conditions (1M, 25 °C, 1 atm). 


the heat (А Но) released in a hydrogenation reaction. 

addition of hydrogen. 

a species formed during a reaction that is not the final product of the reaction. 
the field of chemistry that deals with the rates of chemical reactions. 


indicated by АС“ If AG? is large, the compound is kinetically stable (is not very 
reactive). If AG? is small, the compound is kinetically unstable (is very reactive). 


a principle that states that if an equilibrium is disturbed, the components of the 
equilibrium will adjust to offset the disturbance. 


a description of the step-by-step process by which reactants are changed into 
products. 


a series of reactions that convert complex nutrient molecules to simple molecules. 


the ability of one molecule to recognize another as a result of intermolecular 
interactions. 


an electron-rich atom or molecule. 

a chemical substance used for the purpose of communication. 
the proportionality constant in the rate law. 

the speed at which the reactants are converted to products. 


the step in a reaction that has the transition state with the highest energy. 
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rate law 
reaction coordinate 
diagram 


saturated hydrocarbon 


solvation 


steric strain 


substrate 


thermodynamic stability 


thermodynamics 


transition state 


unsaturated hydrocarbon 
vinyl group 
vinylic carbon 


vinylic hydrogen 
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the relationship between the rate of a reaction and the concentration of the 
reactants. 


a diagram that describes the energy changes that take place during the course of a 
reaction. 


a hydrocarbon that is completely saturated with hydrogen (contains no double or 
triple bonds). 


the interaction between a solvent and another molecule (or ion). 


the repulsion between the electron cloud of an atom or a group of atoms and the 
electron cloud of another atom or group of atoms. 


the reactant of an enzyme-catalyzed reaction. 

thermodynamic stability is indicated by Д07. If AG? is negative, the product is 
thermodynamically stable compared to the reactant. If AG? is positive, the reactant 
is thermodynamically stable compared to the product. 

the field of chemistry that describes the properties of a system at equilibrium. 

the energy maximum of a reaction step on a reaction coordinate diagram. In the 
transition state, bonds in the reactant that will break are partially broken and bonds 
in the product that will form are partially formed. 

a hydrocarbon that contains one or more double or triple bonds. 

CH, =CH— 


a carbon that is doubly bonded to another carbon. 


a hydrogen bonded to a vinylic carbon. 
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Solutions to Problems 


1. Solved in the text. 
2. a. C4H6 b. Сре 
3. Solved in the text. 
4. а. 4 b 1 с. 3 4. 13 
5. а. degreeofunsaturation = 1 b. degreeofunsaturation = 2 е. degree of unsaturation = 2 
__ HC--CCH;CH3 
CHCH = СН, СНзС== СН 
СН:С== ССН; 
Сн=С= СН, СН,==СНСН=сн, 
CH;—C-—CHCH3 
6. A hydrocarbon with no rings and no double bonds would have a molecular formula of СН». СлоН5б has 


26 fewer hydrogens. Therefore, B-carotene has a total of 13 rings and double bonds. Because we know it 
has two rings, it has 11 double bonds. 


7. a. 4-methyl-2-pentene e. 1,5-dimethylcyclohexene 
b. 2-chloro-3,4-dimethyl-3-hexene f. 1-butoxy-2-butene 
c. l-bromocyclopentene g. (ELE3)-1-bromo-2-methyl-1,3-pentadiene 
d. 1-bromo-4-methyl-3-hexene h. 8,8-dimethyl-1-nonene 
8. a. It has two vinylic hydrogens. 
b. It has four allylic hydrogens. 
CH; 
CH; 
CH; 
b. СНзС=ССН›СН›СН»Вг d. CH, = CHCH,OH 
CH3 


10. Solved in the text. 


11. а. 4 b 4 с. 6 
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13. 


14. 


15. 
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а. СН; Н СН Н 
КЕ. Ба a 
С=== Н ЕЕ 
7 D ЧИНИ 
СН» С= S CH; с=с 
H СН» H H 


(E)-2-methyl-2,4-hexadiene (Z)-2-methyl-2,4-hexadiene 


b. CH; H CH; JA 
C=C H C=C ЊСН 
S и 
Н C=C H сес 
\ / \ 
Н СН»СН» Н Н 
(2E,4E)-2,4-heptadiene (2E,4Z)-2,4-heptadiene 
H H H H 
с=с С =с^ 
= \ ye = \ УСН2СНз 
ЄН» с=с CH; с=с 
Н СН»СН» Н Н 
(2Z,4E)-2,4-heptadiene (2Z,4Z)-2,4-heptadiene 
с H H H H 
C=C `c c^ 
/ "m уез 
H с=с Н С= 
/ \ / \ 
Н ^. CH; H H 
(E)-1,3-pentadiene (Z)-1,3-pentadiene 


b has four stereoisomers because each double bond can have either the E or the Z configuration. 


a and c have only two stereoisomers because, in each case, there are two identical substituents bonded to 
one of the sp” carbons, so only one of the double bonds can have either the E or the Z configuration. 


nucleophiles: Н CH;0" CH3;C=CH МН; 
+ 
electrophiles: CH4CHCH; 


a. AICI; is the electrophile, and NH; is the nucleophile. 
b. The H?* of HBr is the electrophile, and НО“ is the nucleophile. 


О +OH 
a | + H В. ы Н | 
` CH;~ OH | CH, “он 
H 
nucleophile electrophile 


+ н.о 
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b. Br 
+ Bro — 
+ 


с. 


d. 


nucleophile  electrophile 


| | 

С + HO? —— С + H,O 
CH;~ da T i CH, “Ө? | 
electrophile nucleophile 

i Di 
CH—C: + СЕ — сњ—с—а 

о | 

СН» СН; 


electrophile nucleophile 


16. The labels are under the structures in Problem 15. 


17. 1. 


2- 


:0: :0: 
5 [| +... 
ый ee нү + Br 
CH; CH; 


Drawing the arrows incorrectly leads to a bromine with an incomplete octet and a positive 
charge as well as an oxygen with 10 valence electrons and 2— charge. 


s ~ 
CH3;— O—H + Н: 


CH3— је 
(à 


Drawing the arrows incorrectly leads to an oxygen with an incomplete octet and a 2+ charge. 


This one cannot be drawn because the arrow is supposed to show where the electrons move to, but 
there are no electrons on the H to go anywhere. 


LA _ 


CH3COCH3 + HO: 


The product cannot be drawn because the destination of the electrons in the breaking л bond is 
not clear. 


This one cannot be drawn because the arrow is supposed to show where the electrons move to, but 
there are no electrons on the C to go anywhere. 
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18. 


19. 


21. 


Бог 
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Because the equilibrium constants for all the monosubstituted cyclohexanes in Table 3.9 on page 128 
of the text are greater than 1, all of the equilibria have negative А С° values. 


(Recall that AG? = —RT In Ке) 
tert-butylcyclohexane 
tert-butylcyclohexane, because it is the largest substituent 
АС? = —-RTInK,, 
Ка = 18 
AG? = –1.986 X 10 3 kcal/mol K X 298 K X In 18 (recall that T = °С + 273) 
AG? = —0.59 X In 18 kcal/mol 
AG? — —0.59 X 2.89 kcal/mol 
AG? — —1.7 kcal/mol 


Solved in the text. 


AG’ = -RTIn Ка 
—2.1 = —1.986 X 10? х 298 X In Keq 


In Кы = 3.56 
Ка = 35 
E [ isopropylcyclohexane ] equatorial _ 35 
Ка = [ isopropylcyclohexane ] axial 1 


% of equatorial _ [isopropylcyclohexane] equatorial 


isopropylcyclohexane — [isopropylcyclohexane] equatoria + [isopropylcyclohexane] „аза 
| 35 


= х1 
35 + 1 M 


35 
= — X100 
36 У 


= 97% 
Isopropylcyclohexane has a greater percentage of the conformer with the substituent in the equatorial 
position because the isopropyl substituent is larger than the fluoro substituent. The larger the sub- 
stituent, the less stable is the conformer in which the substituent is in the axial position because of the 
1,3-diaxial interactions. 


х 100 


AS" is more significant in reactions in which the number of reactant molecules and the number of product 
molecules are not the same. 


а. 1. A+B 


С 
В+С 


| 


2. А 


b. Reaction 2. has a positive AS". 


In order to have a positive AS°, the products must have greater freedom of motion than the reactants. 
(In other words, there must be more molecules of products than molecules of reactant.) 
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22. а. 1. AG = AH — TAS AG? = -RT In Ка 
(recall that Т = °С + 273) AG? = —( 1.986 x 1073) (303) In Keg 
AG? = —12 – (273 + 30)(.01) —15 = —0.60 In Ка 
AG? = —12 – 3 = –15 kcal/mol In Кеа = 25 
Ка = 72 х 100 
2. АС“ = AH — TAS AG? = —( 1.986 x 1073) (423) In Ка 
AG? = —12 – (273 + 150)(.01) –16 = —0.84 In Ка 
AG? = —12 — 4 = –16 kcal/mol In Ка = 19 
Ка = 1.8 x 10 


b. For this reaction: the calculations show that increasing the temperature causes AG? to be more negative. 
с. For this reaction: the calculations show that increasing the temperature causes Кы to be smaller, 
because In Кы = —AG°/RT. 


23. The value for the 7r bond of ethene (62 kcal/mol) is given in the text on page 43. 


a. 
bonds broken bonds formed 
п bond of ethene 62 CH,CH,—H 101 
H—CI 103 CH;CH,—Cl 85 
165 kcal/mol 186 kcal/mol AH? = 165 — 186 = —21 kcal/mol 
b. 
bonds broken bonds formed 
7 bond of ethene 62 CH;CH,—H 101 
H—H 104 CH;CH;—H 101 
166 kcal/mol 202 kcal/mol АН” = 166 — 202 = —36 kcal/mol 
c. Both are exothermic, because they both have a negative АН” value. 
d. Тһе AH? values of both reactions are sufficiently negative to allow you to expect that they will be 


exergonic as well. 


24. а. CH;—CHCH;CH;CH; or CH4CH—CHCH;CH; 


b. CH;CH; CH,CH, CH,CH; 
or or 


or 


three alkenes: 1-butene, cis-2-butene, trans-2-butene 
four alkenes: 3-methyl-1-pentene, (£)-3-methyl-2-pentene, (Z)-3-methyl-2-pentene, 2-ethyl-1-butene 
five alkenes: 1-hexene, cis-2-hexene, trans-2-hexene, cis-3-hexene, trans-3-hexene 


етек 
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27. 


29. 
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Because alkene A has the smaller heat of hydrogenation, it is more stable. 


A CH;CH3 
This alkene is the most stable because it has the greatest 
number of alkyl substituents bonded to the sp? carbons. 
СЊСНз 
b СН»СН» 
This alkene is the least stable because it has the fewest 
number of alkyl substituents bonded to the sp? carbons. 
CH2CH; 
а СЊСНз 
| This alkene has the smallest heat of hydrogenation 
because it is the most stable of the three alkenes. 
CH;CH; 
СН» СН» 
СНз СН» Н CH;CH; СЊСН CHCH, CH3;—CH CH—CH3 
N / N / N / \ / 
C=C > С=С > с=с > с==с 
/ \ / \ / / 
CH3CH; CH2CH; CHCH, H H H H H 
4 alkyl substituents 2 trans alkyl substituents 2 cis alkyl substituents 2 cis alkyl substituents 


that cause greater steric strain 
than those in cis-3-hexene 


a. aand b, because the product is more stable than the reactant. 

b. bisthe most kinetically stable product, because it has the smallest rate constant (greatest AG?) lead- 
ing from the product to the transition state. 

c. cis the least kinetically stable product, because it has the largest rate constant (smallest AG*) leading 
from the product to the transition state. 


a. A thermodynamically unstable product is less stable than the reactant. 
A kinetically unstable product has a large rate constant (small AG*) for the reverse reaction. 
b. A kinetically stable product has a small rate constant (large AG*) for the reverse reaction. 


A thermodynamically 
unstable product 


A kinetically 
a. 
unstable 


Free product 
energy 


Progress of the reaction 
———Ó 


> 


А thermodynamically 
Е unstable product 
ree 
energy A kinetically stable 


product 


Progress of the reaction 
— 
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31. 


32. 


33. 


35. 


Chapter 5 


а. 


Solved in the text. 


b. Decreasing the concentration of methyl chloride (by a factor of 10) decreases the rate of the reaction 


(by a factor of 10) to 1 X 10 5M 8", 


The rate constant for a reaction can be increased by decreasing the stability of the reactant (increasing its 
energy) or by increasing the stability of the transition state (decreasing its energy). 


Taking the logarithm of both sides of the Arrhenius equation gives the following equation (where К is the 
rate constant), which we can use to answer the questions: 


8. 


Free energy 


E, 
Ink = ША – — 
RT 


Increasing the experimental activation energy (Е,) decreases the rate constant of a reaction (causes the 


reaction to be slower). 
Increasing the temperature (T) increases the rate constant of a reaction (causes the reaction to go 


faster). 


The first stated reaction has the greater equilibrium constant: 


_ 1x 107 _ 


_ 1x 103 
| x 103 


= 10 
1х 107 


Кеа = 1х 10? Ка 


Because both reactions start with the same concentration, the first stated reaction will form the most 
product when the reactions have reached equilibrium, because it has the greater equilibrium constant. 


A = reactant(s) 
B B = first transition state 
C = intermediate 
D = second transition state 
E = product(s) 


Progress of the reaction 
————— 
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a. The first step in the forward direction (A — В) has the greatest free energy of activation. 
b. The first-formed intermediate (B) is more apt to revert to reactants, because the free energy of 


с. 


Free energy 


Ss 


activation for B to form A (the reactants) is less than the free energy of activation for B to form C. 
The second step (B — C) is the rate-determining step because it has the transition state with the 


highest energy. 


Notice that the second step is rate-determining even though the first step has the greater energy of acti- 
vation (steeper hill to climb). That is because it is easier for the intermediate that is formed in the first 
step to go back to starting material than to undergo the second step of the reaction. So the second step 


is the rate-limiting step. 


Progress of the reaction 
— > 


опе (В) 

two 

the second step (k2), В to form С (In this particular diagram, k; > kų: if you had made the transition 
state for the second step а lot higher, you could have had a diagram in which k, > Ку.) 

the second step in the reverse direction (k_,) f. BtoC 

the second step in the reverse direction (k.,), B toformA g. CtoB 


А catalyst will change the energy difference between the reactants and the transition state, but it will not 
change the energy difference between the reactants and the products. 


Ed 


АН“, E,, AS*, AG, k 


3,8-dibromo-4-nonene d. 3-ethyl-2-methyl-2-heptene 
(Z)-4-ethyl-3,7-dimethyl-3-octene e. 4-methylcyclohexene 
1,5-dimethylcyclopentene f. 4-ethyl-5-methylcyclohexene 


CH; 
| E Е 
CH,C=CHCH,CH; b 2 с. CY 3 
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41. а. 


b. 
42. a. 
b. 
с. 
43. а. 
b. 


СН» = CHCH,CH2CH2CH3 
Ie 
CH;—CHCHCH;CH; 


H CH5CH3Br 
\ / 2 2 


C=C 
/ \ 
BrCH; Br 
НзС СН»СН»СН»СН» 
C=C 
\ 
H CH; 
i 
BrCH; CHCH3 
\ / 
F =C 
Br CH5CH;CH; 


Br 
woe 8 
S d. 
S 


с. 


d. 


е. 


f. 


CH; 
CH;—CHCCH; 
СН» 


CH,— СНВг 


CH; 
CH; 


е. 
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а. CH;—CHCH;CH;CH;CH; 


1-һехепе 


сн„= јео 


СН» 
2-methyl-1-pentene 


cst = CHCH;CH; 


CH3 
2-methyl-2-pentene 


CH4CH — CHCH;CH;CH; 


2-hexene 


CH, = CHCHCHCH; 


СНз 
3-methyl-1-pentene 


CHCH = [C си 


CH3 
3-methyl-2-pentene 


Chapter 5 


CH3CH;CH == CHCH;CH; 


3-hexene 


CH;— CHCHaCHCHs 


CH3 
4-methyl-1-pentene 


CH3CH = CHEHCHs 


СН» 
4-methyl-2-pentene 


CH; сн; 
CH, —CCHCH; CH.CCH—CH; CH4CH;C— CH; 
CH; CH; CHCH; 


2,3-dimethyl-1-butene 


3,3-dimethyl-1-butene 


T° 
сис CCH: 


СН» 
2,3-dimethyl-2-butene 


2-ethy]-1-butene 


b. Of the compounds shown in part a, the following can have E and Z isomers: 


2-hexene, 3-hexene, 3-methyl-2-pentene, 4-methyl-2-pentene 


CH; 


199 


| 
с. снус==ссн, d. CH,—CHCH,CH;CH;CH, CH, — CHCH/CHCH; 


CH; CH; 
. CH; 
This compound is the most stable. 


It has four alkyl substituents 


| 
CH3CCH = CH) 
bonded to the sp” carbons. | 


сњ CHCHCH:CHs 
СН; CH; 

These compounds are the least stable. 

Each has only one alkyl substituent bonded to the sp? carbons. 


45. a. (£)-3-methyl-3-hexene d. 2,4-dimethyl-1-pentene 
b. trans-8-methyl-4-nonene or (£)-8-methyl-4-nonene e. 2-ethyl-1-pentene 
€. trans-9-bromo-2-nonene or ( £)-9-bromo-2-nonene f. cis-2-pentene or (Z)-2-pentene 
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46. а. а. Ше most stable because it has three alkyl groups attached to its sp* carbons. 
b. d., e., and f. are the least stable because the two alkyl groups in d. and e. are on the same sp? carbon, 
and the two alkyl groups in f. are cis. 


47. First draw the structures so you can see the number of alkyl groups bonded to the sp? carbons: 
rs СНз rds 
ОСН HERH, аке стаюць 
СН; CH; CH; 
3,4-dimethyl-2-hexene 2,3-dimethyl-2-hexene 4,5-dimethyl-2-hexene 
a. 2,3-Dimethyl-2-hexene is the mosi stable of the three alkenes because it has the greatest number of 
alkyl substituents bonded to the sp? carbons. 
b. 4,5-Dimethyl-2-hexene has the fewest alkyl substituents bonded to the sp? carbons, making it the least 


stable of the three alkenes. It, therefore, has the greatest heat of hydrogenation. 
с. Because it is the most stable, 2,3-dimethyl-2-hexene has the smallest heat of hydrogenation. 


48. H—O: + н-<с+с^н = `с=с^ + H20 + Br 
; и / N 
H CBr H H 
49. 
50. AG? = -RT Ìn Ка 
In Ка = —АС°/КТ 
In Ка = —AG°/0.59 kcal/mol 
а. In Keg = —2.72/0.59 kcal/mol с. К. = 2.72/0.59 kcal/mol 
ink = —4.6 їп Кы = 4.6 
Ка = [B]/[A] = 0.01 Ка = [B]/[A] = 100 
b. In Ка = —0.65/0.59 kcal/mol d. ln Кы = 0.65/0.59 kcal/mol 
In Keg = —1.10 In Кы = 1.10 
Ка = [B]/[A] = 033 Ка = [В]/[А] = 30 


51. а. The C—Cl bond isa Buon ы bond because Cl uses а 3sp? orbital to overlap the 2sp? orbital of carbon, 
whereas Br uses a 4sp? orbital. A 4sp? has a greater volume than а 3sp? and, therefore, has less electron 
density in the region of orbital-orbital overlap, so it forms a weaker bond. 

b. The Br— Br bond is a stronger bond because Br uses а Asp? orbital to overlap the 48р? orbital of the 
other bromine, whereas I uses а 5sp? orbital. A 5sp? has a greater volume than a 4р? and, therefore, 
has less electron density in the region of orbital-orbital overlap, so it forms a weaker bond. 
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If the number of carbons is 30, C,,H2,42 = C39Hg;. А compound with molecular formula Са, Но is missing 
12 hydrogens. Because it has no rings, squalene has 6 7 bonds (12/2 = 6). 


54. 


55. 


а. CH H CH H 
wag pa m 
= Н је 
/ 3 
сну p-« CH; = < 
Н CH; H H 
(£)-2-methy]-2,4-hexadiene (Z)-2-methyl-2,4-hexadiene 
b. H H H H 
P d / 
C=C C=C 
\ \ 
H CH,CH, H H CH CH; 
/ / \ 
Н CH; H H 
(E)-1,5-heptadiene (Z)-1,5-heptadiene 
с. H H 
p 
с=с 
A 
H сш. Н 
с=с 
/ \ 
Н Н 
1,4-pentadiene 
d. CH CH; CH; CH; 
N a N / 
C=C CH; С=< Н 
/ N / Non sou. 
H С=< Н C=C 
/ £o X 
H H H CH; 
(2E, AZ)-3-methyl-2,4-hexadiene (2E, AE)-3-methyl-2,4-hexadiene 
n An H ys 
/ \ / М 
H H H CH; 


(2Z,4Z)-3-methy]-2,4-hexadiene 


(2Z,4E)-3-methyl-2,4-hexadiene 


i CH, CH, 
+ 
а. CH;CH,NH, + Вг- b. NP ALI C. CH4CH—CCH; + СГ 
+ 
ОН 


Only one пате is correct. 
a. 2-pentene 
b. correct 


c. 3-methyl-1-hexene (the parent hydrocarbon is the longest chain that contains the functional group) 
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56. 


57. 


58. 


59. 


Chapter 5 


гр mo р 


Forse me ao рр 


3-heptene 

4-ethylcyclohexene 

2-chloro-3-hexene 

3-methyl-2-pentene 

2-methyl-1-hexene (it does not have E,Z isomers) 
| -methylcyclopentene 


CH; CH; CH; CH; 


1-Methylcyclopentene is the most stable. 
Because |-methylcyclopentene is the most stable, it has the smallest heat of hydrogenation. 


CICH CH; — с. H CH, 
C=C H \—с” 
Н с=с СН3СН› fay 
H CH, CH; H 
ERN A | 
С=< H CH;CH H 
BS / М. 
CH4CH; a ja CH;CH; 
N 
ве Н 
2 
B, D, F 
E to G (The fastest step has the smallest energy of activation to overcome.) 
G 
A 
С 
С 
endergonic 
exergonic 


E to G (The largest rate constant corresponds to the smallest energy of activation.) 
G to E (The smallest rate constant corresponds to the largest energy of activation.) 


B will have the larger AS° value because, unlike A, the number of reactants is not the same as the 
number of products. 


AS° = (the freedom of motion of the products) — (the freedom of motion of the reactants). 
Because the three products have a greater freedom of motion than the two reactants, AS? is positive. 


Pd/C 
+ Н» ae. 


CH; CH; CH, 
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Chapter 5 


AG? = AF? — TAS 
а. АС = 20 — (298)(0.05) 
AG? = 20 – 14.9 = 51 


AG? = -RT In Ка 
5.1 = —1.986 X 10? x 298 X In Keq 
5.1 = —0.59 In Keg 
—8.6 = In Keg 
Ка = 1.8 X 107 
b. AG? = 20 — (398)(0.05) 
AG? = 20 – 20 = 
= 1.0 
" „бен ја: 
R^ ^R | 
ОН 
н.о! 
а. AG? = -RTInK, 
= –1.986 x 1073 x 298 х In10? 
= —2.72 kcal/mol 
AG? = —1.986 x 1072 x 298 х 111072 


— 1.36 kcal/ mol 


АДС” = —2.72 — (-1.36) = —1.36 kcal/mol 
Thus, AG? must change by 1.36 kcal/mol. 


b АС = АН -0 
—1.36 = АН – 0 
AH? — —1.36 kcal/mol 


с. AG =0- TAS 
—1.36 = 0 — 298AS° 


AS? = 1.36/298 = 4.56 х 10? kcal/(mol deg) 
AG? = -RT In Keg 
In Кы = —AG°/RT 
In Keg = —AG?/0.59 kcal/mol 
In Keg = —5.3/0.59 kcal/mol 
In Keg = —9.0 
Ка = [B]/[A] = 0.00013 


[B]/[A] = 0.00013/1 = 0.13/1000 
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65. 


Chapter 5 
The calculation shows that for every 1000 molecules in the chair conformation, there is 0.13 molecule па 
twist-boat conformation. 


This agrees with the statement on page 127 of the text that for every 10,000 chair conformers of cyclohexane, 
there is no more than one twist-boat conformer. 


A step-by-step description of how to solve this problem is given in the box entitled “Calculating Kinetic 
Parameters” on page 224 of the text. 


Е, can be determined from the Arrhenius equation (Ink = —E,/RT), because a plot of In k versus 1 /T 
gives а slope = —E,/R. 

In 2.11 X 10? = —10.77 T — 304 1/Т = 329 x 10? 

In 444 х 10? = —10.02 T — 313 1/Т = 3.19 x 10? 

In 1.16 x 10^ = —9.06 T — 324.5 1/T = 3.08 x 10? 

In2.10 х 1074 = —8.47 T — 332.8 1/T — 3.00 x 10? 

In 4.34 X 10 = —7.74 T = 3422 1/Т = 2.92 x 10? 

slope — —8290 
E, — —(slope) R 


E, = —(—8290) х 1.98 х 10? kcal/mol 
E, — 16.4 kcal/mol 


To find AG”: 


—AG? = RT In kh/Tk, 
From the graph used to determine Е,, one can find the rate constant (К) at 30°. 


(It is 1.84 х 10551.) 


—AG? = 1.98 х 10? x 303 In (1.84 х 10? x 1.58 x 1073!) /(303 x 3.30 x 107?) 
—AG? = 1.98 х 10? x 303 In (2.90 x 1036) /(1.00 x 1076) 
—AG? = 1.98 х 1073 x 303 In 2.90 x 10720 
—AG? = 1.98 х 10? x 303 x (—3.50) 
AG? — 2.10 kcal/mol 


To find AH*: 
AH? = E, — RT 
AH? = 164 — 1.98 x 10? x 303 
AH? = 16.4 — 0.6 
AH? — 15.8 kcal/mol 


To find 45°: 
AS? = (AH? — AG?)/T 
AS? — (15.8 — 2.10)/303 
AS? — (—13.7)/303 
AS? — 0.045 kcal/(mol deg) — 45 cal/(mol deg) 
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Chapter 5 Practice Test 


Name each of the following: 


a. CHsCH:CHCH,CH= CH» €. CH,CH;CH— CHCH;CH;CHCH; 
CH; CHCH; 


Cl 
b. Өз а. 
Вг 


Which member of each pair is more stable? 


CH 
5 \ и 

а. ог СНз Ь. У С ог С=С, 
H СН» H Н 


Correct the incorrect names. 


CH; 


a. 3-pentene c. 2-ethyl-2-butene 
b. 2-vinylpentane d. 2-methylcyclohexene 


Indicate whether each of the following statements is true or false: 


a. Increasing the energy of activation increases the rate of the reaction. 


b. Decreasing the entropy of the products compared to the entropy of the 
reactants makes the equilibrium constant more favorable. 


Ап exergonic reaction is one with a – АС". 
d. An alkene is an electrophile. 
e. The higher the energy of activation, the more slowly the reaction takes place. 
f. Another name for trans-2-butene is (Z)-2-butene. 
g- A reaction with a negative AG? has an equilibrium constant greater than one. 
h. Increasing the free energy of the reactants increases the rate of the reaction. 


i. Increasing the free energy of the products increases the rate of the reaction. 


j The magnitude of a rate constant is not dependent on the concentration of the reactants. 


К. 2,3-Dimethyl-2-pentene is more stable than 3,4-dimethyl-2-pentene. 
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10. | 


11. 


Chapter 5 
The addition of Н, in the presence of Pd/C to alkenes A апа В results in the formation of the same alkane. eo 
The addition of H; to alkene A has a heat of hydrogenation (— AH?) of 29.7 kcal/mol, whereas the addition 
of Н» to alkene B has a heat of hydrogenation of 27.3 kcal/mol. Which is the more stable alkene, A ог B? 
Draw structures for each of the following: 
a. allylalcohol b. 3-methylcyclohexene — c. cis-3-heptene а. vinyl bromide 


What is the total number of т bonds and rings in a hydrocarbon with a molecular formula of CgHg? 


Using curved arrows, show the movement of electrons in the following mechanism: 


СН:СН= СН; + н—Сї: «== CH3CH—CH; + с ——- CH;CH— СН: 
| 
С: 


A favorable (negative) AG? is given by: 
a positive or negative AH”, a positive or negative AS”, a high or low temperature. 


Which of the following has a more favorable equilibrium constant (that is, which reaction favors products 
more)? 


a. Areaction with a AH? of 4 kcal/mol or a reaction with a AH? of 7 kcal/mol? (Assume a constant AS? 


value.) fts 
b. Areaction with a positive AS? value that takes place at 25 °С or the same reaction that takes place at С 
35 °С? 


с. А reaction in which two reactants form one product ог a reaction in which one reactant forms two 
products? (Assume a constant AH” value.) 


Draw a reaction coordinate diagram for a one-step reaction with a product that is thermodynamically 
unstable but kinetically stable. 


) 


х 


Copyright © 2017 Pearson Education, Inc. 


~. 


СНАРТЕК 6 


The Reactions of Alkenes: The Stereochemistry of Addition Reactions 


Important Terms 


acid-catalyzed reaction 


aldehyde 


anti addition 


biochemistry 


carbocation rearrangement 


concerted reaction 


dimer 


electrophilic addition 
reaction 


enzyme 
epoxide (oxirane) 
halohydrin 


Hammond postulate 


hydration 


1,2-hydride shift 


hydroboration-oxidation 


hyperconjugation 


a reaction catalyzed by an acid. 


a compound with a carbonyl group that is bonded to an alkyl group and to a hydro- 
gen (or bonded to two hydrogens). 


| ог | 


an addition reaction in which the two added substituents add to opposite sides of 
the molecule. 


the chemistry associated with living organisms. 
the rearrangement of a carbocation to a more stable carbocation. 


a reaction in which all the bond-making and bond-breaking processes take place in 
a single step. 


a molecule formed by joining two identical molecules. 


an addition reaction in which the first species that adds to the reactant is an 
electrophile. 


a protein that catalyzes a biological reaction. 
an ether in which the oxygen is incorporated into a three-membered ring. 
an organic molecule that contains a halogen atom and an OH group. 


states that the transition state will be more similar in structure to the species (reac- 
tants or products) that it is closer to energetically. 


addition of water to a compound. 


the movement of a hydride ion (a hydrogen with its pair of bonding electrons) 
from one carbon to an adjacent carbon. 


the addition of borane (or R;BH) to a double or triple bond followed by reaction 
with hydrogen peroxide and hydroxide ion. 


delocalization of electrons by overlap of carbon-hydrogen or carbon-carbon с 
bonds with a p orbital on an adjacent carbon. 


207 
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ketone 


Markovnikov’s rule 


mechanism of the reaction 


1,2-methyl shift 


oxidation reaction 


oxidative cleavage 
ozonolysis 
primary carbocation 


reduction reaction 


 regioselective reaction 


secondary carbocation 


stereocenter 
(stereogenic center) 


stereochemistry 
stereoisomers 
stereoselective reaction 


stereospecific reaction 


a compound with a carbonyl group that is bonded to two alkyl groups. 
O 
| 
R^ SR 
the actual rule is as follows: “when a hydrogen halide adds to an asymmetrical 
alkene, the addition occurs such that the halogen attaches itself to the carbon 
atom of the alkene bearing the least number of hydrogen atoms.” Chemists use 


the rule as follows: the hydrogen adds to the sp? carbon that is bonded to the most 
hydrogens. 


Here is a more general rule: the electrophile adds to the sp? carbon that is bonded 
to the most hydrogens. 


a description of the step-by-step process by which reactants are changed into 
products. 


the movement of a methyl group with its bonding electrons from one carbon to an 
adjacent carbon. 


a reaction that decreases the number of С— Н bonds in the reactant or increases 
the number of C—O, C—N, or C — X bonds (X denotes a halogen). 


an oxidation reaction that cleaves the reactant into two or more compounds. 
the reaction of an alkene with ozone. 
a carbocation with a positive charge on a primary carbon. 


a reaction that increases the number of C —H bonds in the reactant or decreases 
the number of C—O, C—N, or C — X bonds (X denotes a halogen). 


a reaction that leads to the preferential formation of one constitutional isomer over 
another. 


a carbocation with a positive charge on a secondary carbon. 


an atom at which the interchange of two groups produces a stereoisomer. 


the field of chemistry that deals with the structure of molecules in three dimensions. 
isomers that differ in the way the atoms are arranged in space. 
a reaction that leads to the preferential formation of one stereoisomer over another. 


a reaction in which the reactant can exist as stereoisomers and each stereoisomeric 
reactant leads to a different stereoisomeric product or products. 


Copyright О 2017 Pearson Education, Inc. 


) 


steric effect 


steric hindrance 


syn addition 


tertiary carbocation 


vicinal 


Chapter 6 209 
an effect due to the space occupied by a substituent. 


a hindrance due to bulky groups at the site of a reaction that make it difficult for 
the reactants to approach one another. 


an addition reaction in which the two added substituents add to the same side of 
the molecule. 


a carbocation with a positive charge on a tertiary carbon. 


refers to substituents on adjacent carbons. 
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Solutions to Problems 


1. 


Q MS 


a. 


Ог OF 


The c bond orbitals of the carbon adjacent to the positively charged carbon are available for overlap 
with the vacant p orbital. Because the methyl cation does not have a carbon adjacent to the positively 
charged carbon, по ø bond orbitals are available for overlap with the vacant p orbital. 

An ethyl cation is more stable because the carbon adjacent to the positively charged carbon has three с 
bond orbitals available for overlap with the vacant p orbital, whereas a methyl cation does not have any 
с bond orbitals available for overlap with the vacant p orbital. 


H H H H 
| + | + | + | А 
е ЕНЕНЕ ea ыл ЕШ M b. sec-butyl cation 
CH; H H H 
3 3 6 
n 
CH3CH;CCH; > CH3CH;CHCH; 2 CH3CH2CH2CH2 
+ 
The reason a halogen atom decreases the stability of the carbocation is because it is an electronegative 


atom and, therefore, withdraws electrons away from the positively charged carbon. This increases the 
concentration of positive charge on the carbocation, which makes it less stable. 


CH;CHCH;CH; > CH;CHCH;CH, > CHsCHCH CH: 
+ + 


CH; CI F 


Because fluorine is more electronegative than chlorine and, therefore, withdraws electrons more 
strongly, the fluorine-substituted carbocation is less stable than the chlorine-substituted carbocation. 


The transition state resembles the one (reactants or products) that it is closer to on the reaction coordinate 
diagram; that is, the one that it is closer to in energy. 


a. 


a. 


products Б. reactants е. reactants а. products 


CH; 


CH;3CH;C—CH, In both a and b, the compound that is more highly regioselective is the one where 
the choice is between forming a tertiary carbocation and a primary carbocation. 


CH; 


In both a and b, the less regioselective compound is the one in which the choice 
is between forming a tertiary carbocation and a secondary carbocation, because 
the difference in the stability of the two possible carbocations, and therefore the 
difference in the amount of product formed, is not as great as when the choice is 
between a tertiary and a primary carbocation. 
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а. CH;CH;CHCH; c. CH; e. CH; 
о 
T Td 

b. CHICHCCHS d. CHICCHCHICH; f. CHICHICHCHS 
Br Br | Br 


| | 
CH,= CCH; C-—CH 
b. ( )- eio d. ( – CHCH; or ФЕ 
(> CH=CHCH, 


This is not a good choice, because it 
forms equal amounts of two products. 


As long as the pH is greater than about —2.5 and less than about 15, more than 50% of 2-propanol will be 
in its neutral, nonprotonated form. 


pK,--2.5 рКа= ~15 
== КОН === RO 


+ 
КОН 


Recall that when the pH = pK,, half the compound is in its acidic form and half is in its basic form. 
Therefore, at a pH less than about —2.5, more than half of the compound is in its positively charged pro- 
tonated form. At a pH greater than about ~ 15, more than half of the compound exists as the negatively 
charged anion. 


Therefore, at a pH between —2.5 and ~ 15, more than half of the compound exists in the neutral nonpro- 
tonated form. 
a. three transition states b. two intermediates 


c. The first step is the slowest step, so it has the smallest rate constant; the second step is fast because no 
bonds are being broken; the third step is fast because transfer of a proton from or to an O or an N is 
always a fast reaction. 


а. Е. с. а МЕН апа о 
OH OH OH 


equal amounts are formed 
OH CH3 
| i C X 
OH 
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СН» сњ сњ в 
12. а. 1. LUE 2. ку: 3, с 4. CH3CCH; 
CI Br ОН ОСН» 


b. 1. The first step in all the reactions is addition of an electrophilic proton (H*) to the carbon of the 
СН, group. 
2. А tert-butyl carbocation is formed as an intermediate in each of the reactions. 


с. 1. The nucleophile that adds to the tert-butyl carbocation is different in each reaction. 
2. In reactions #3 and #4, there is a third step—a proton is lost from the group that was the nucleo- 
phile in the second step of the reaction. 


3. ЈЕ ie 4. СН» Р 
е = кыз ай H30* E CH3CCH3 + CH30H; 
ХОН ОН *OCH OCH 
MS "un | 
HÖ H СНЗОН H 
Ми SA 


13. Solved in the text. 


CH; CH; 
OH | H5S0, | 
14. а. 82504 b. CH;—CCH; + CH;0H ——= CH30CCH, 
+ HO —~ | 
СН» 
#8504 
€ CH3;CH=CHCH3; + НО = СНСНСЊСНз 
ог ОН 
H2S04 
CH, == CHCH,CH;3 + НО —= a И 
OH 
H 
СНз СН: | " H5S0, rn 
d. HSO, e CH;C-—CHCH; + НО —— CH,CCH,CH 
er CHOH ——— OCH, à 3 y MEME 
OH 


15. 
H 
d. \ 
+OR ROH OR 
а + 
ае + ыр ыш === Уна а + КОН === о M FE + Кү: 
CH, CH; CH; CH; 
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Solved in the text. 


1,2-hydride Br 
HBr + i + Br | 
a. CHG HCH Cm — CHSCHCHCHS - CHSC CHCH; ——- CH;CCH2CH3 
СН» СН» СН» СН» 
зесопдагу tertiary 


+ - 
b. CHSCHCH,CH — CH, -HBr, CHsCHCH,CHCH; Br CHICHCH/CHCH; 
СНз СНз CH; Br 


+ 
НВг Вг 
+ 
. HBr Br 
СН» СН» CH 


1,2-methyl 3 
shift + Br 
CHSCHOCHS —  CH3CH— СЕН 


о 


е. 


СНз Вг 


Ф 


__ | НВг + 
CH;—CHCCH; —- сњенсснз 


СН» СН» СНз СНз 
secondary carbocation tertiary carbocation 


CH; CH; 
| Br. 
СН» + 
Hp" Br 


СН; CH; 
“НВг 
Вг 
+ 
Вг 
Approximately 1-bromo-3-methylcyclohexane and 1-bromo-4-methylcyclohexane are obtained because in 
each case, the intermediate is a secondary carbocation. Therefore, the two compounds are formed at about 


the same rate. A carbocation rearrangement does not occur because it would just form another secondary 
carbocation. 


m 


The reaction with 9-BBN is more highly regioselective. 9-BBN is sterically hindered, so it will be more 
likely than BH; to add to the least sterically hindered carbon. 
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19. Either ВН, or R,BH can be used for the hydroboration reactions in this chapter. 


CH; сн, 
1. ВН 
a.  CH;C=CHCH; — 277 . . QCH,CHCHCH; 
2. НО”, H205, ЊО : | 


ОН 


CH3 СН» 


b OH 
. 1. ВНУТНЕ 


— 
2. НО”, H207, ЊО 


20. СН» om + К 
Addition of H^ forms a carbocation that rearranges. 
CH3CCH2CH3 Е Ре . PN ; | 
| Addition of Вг forms a cyclic bromonium ion rather than a carbocation, so there is по 
Br carbocation rearrangement. 


21. a. The first step in the reaction of propene with Br, forms a cyclic bromonium ion, whereas the first step 
in the reaction of propene with HBr forms a carbocation. 


b. If the bromide ion were to attack the positively charged bromine, a highly unstable compound (with a 
negative charge on carbon and a positive charge on bromine) would be formed. 


+ PON 
КУК + Be 


= oot oe 
CH2— CH2— Br = Br: 


Notice that the electrostatic potential map of the cyclic bromonium ion on page 254 of the text shows 
that the ring carbons are the least electron dense (most blue) atoms in the intermediate and, therefore, 
are the ones most susceptible to nucleophilic attack. 


22. Sodium and potassium achieve an outer shell of eight electrons by losing the single electron they have in 
the 35 (in the case of Na) ог 4s (in the case of K) orbital, thereby becoming Ма" and К*. 


In order to form a covalent bond, they would have to regain electrons in these orbitals, thereby losing the 
stability associated with having an outer shell of eight electrons and no extra electrons. 


23. The nucleophile that is present in greater concentration is more apt to collide with the intermediate. For 
example, in part a the concentration of CH3OH (the solvent) is much greater than the concentration of СГ; 
in part b, the nucleophile is most likely to be I” because there are two equivalents of Nal and one equiva- 


lent of HBr. 
Tis CH; 
а. CICH;CCH; апа R с. а апа м 
OCH; Cl OH Cl 
major major 
| Вг 
b. РА А апа мав d. CH3;CHCHCH; апа о 
1 Вг OCH; Br 
major major 
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25. 


26. 


27. 


28. 


29. 


30. 
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Because chlorine is more electronegative than iodine, iodine is the electrophile. Therefore, it ends up 
attached to the sp* carbon that is bonded to the most hydrogens. 


6+ 5- Ç Г. 
СН»СН»СН=СН»„ + I—Cl —~ СЊСЊСН— CH, —— ERICH ees 


:Cl: CI 


a. Га b. al eA с. Дрини d. Це 
Вг Вг Вг ОН Вг ОСН»СН» Вг ОСН» 


Look at the reagent (Cl;) and remember what that reagent does when it reacts with an alkene (do not let 
the rest of the molecule confuse you): when Cl, adds to an alkene, it forms a cyclic chloronium ion inter- 
mediate. You know that the intermediate then reacts with a nucleophile. 


There are two nucleophiles in the solution that can react with the intermediate, a СГ and the OH group at 
the end of the molecule. There is a greater probability that the OH group is the nucleophile that attacks the 
chloronium ion because, since it is attached to the reactant, it does not have to wander through the solution ` 
to find the chloronium ion as the СГ has to. Loss of a proton forms the six-membered ring ether. 


Lis a. D db 


T 


:C1— СИ: НО 
О ње „О CH; 
а. QE c. >x 
СЊСЊСНза H3C СН» 
" O 
H3C 
b. d. aN 
| СЊСНа 


а. 1-pentene b. cyclohexene c. 2,3-dimethyl-2-butene d. 2-methyl-2-pentene 


Solved in the text. 


O O O О 
а. poe 8 + p d. H + 
H H 
O O 
O О 
b [=o + H C=O e " H 
H H 
5 ó O О 
О О 
s POSU 5 Le SS + H,C=0 
H H H 
O 
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31. а. CH CH; 
AN / 
с=с 
/ 
СН» СН» 
2,3-dimethyl-2-butene 
co We 
b. CH;CH,CH,, на CH,CH,CH; P CH,CH /CHCHs 
C=C or с=с ог met 
H H H CH,CH,CH; H H 
cis-4-octene trans-4-octene cis-2,5-dimethy]-3-hexene 
or 
Ti 
CH;CH H 
/ 
с=с 
Н ыз 
CH; 


trans-2,5-dimethyl-3-hexene 


32. It does not tell you whether the double bond has the Е ог Z configuration. 


33. Solved in the text. 


35. The reactant must have £,Z stereoisomers ог R,S stereoisomers. 


36. a. No, because only one constitutional isomer can be formed as a product since 2-butene is a symmetrical 
alkene. 


CH,CH,CHCH; 


Br 


No, because it forms a racemic mixture. 

No, because cis-butene and trans-butene form the same product. 

Yes, because two constitutional isomers are possible but only one is formed. 
e. No, because it forms a racemic mixture. 

f. No, because 1-butene does not have stereoisomers. 


aos 


37. Only the stereoisomers of the major product of each reaction are shown. 


a. CH;CH;CH5 CH;CH;CH5 CH; СН» 
PO. NM or H cds a H R 
CH3 \ 'H гасепис н' / CH; 
CI mixture СІ CH;CH;CH; CH;CH;CH, 
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38. 


39. 


40. 


41. 


42. 
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b. CH,CH,CH; CHICHICHs CH;CH; CH3CH; 
$c. Ке o H OHS но H R 
CH,CH; V.H racemic H™/ " CH;CH; 
OH mixture HO CH;CH;CH; CH;5CH;CH5 


This compound does not have any stereoisomers, 


СНО because it does not have any asymmetric centers. 
СН; 
CH-CH-CCH-CH This compound does not have any stereoisomers, 
у | 7-73 because it does not have an asymmetric center. 
Br 


Solved in the text. 
Solved in the text. 
Solved in the text. 


a. 1. trans-3-heptene 2. cis-3-heptene 


b. and c. The enantiomer of each of the structures shown is also formed, because the peroxyacid can 
approach both the top and the bottom of the plane defined by the double bond. 


О О 
R/\S S/\S 
1. oC C as 2 С=С 
CH3CH;CH; \ Н Н / \ Н 
H СЊСНз СНзСН2СН> CH2CH3 
a. OH с CH3 СН» 
CY [R [s 
UN + У; 
H H 
CHCH, H HO CH2CH3 
or 
CH; СН» 
нон н-— Рон 
CHCH; CHCH; 
b. А а СН›СН» СН›СН» 
CH;—++ OH но— сн, 
Ў $ R 
HO CH,CH, CH; H H СН; 
СН,СН; СН,СНз 
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CH;CH; CH;CH; 
B * 
CH;—CCH;CH;CH; 2 BrCH;CCH;CH;CH; 
Br 
CH;CH; CHCH; 
H2 

CH2=CCH2CH2CH3 de CH;CHCH;CH;CH; 

CH;CHs CH;CH3 


1. BH 
CH;—CCH;,CH;CH; .— —— ————-  HOCH;CHCH;CH;CH; 
2. НО”, Н2О›, ЊО * 


(* indicates an asymmetric center) 


Each of the reactions forms a compound with one asymmetric center from a compound with no asymmet- 
ric centers. Therefore, each of the products is a racemic mixture. 


Solved in the text. 
a CH;CH3 СН›СН» CH; СНз 
is + at or Н Br + Br H 
сн Мун н" / “ен, 
Вг CHCH; CH2CH3 
5 R 5 


лао This compound does not have an asymmetric center. 


Br 


с. Same as b. 


d. CHICH;CH; CHICH;CHS CHCH; CH,CH; 
С... + н” or H Br + Вг H 
CH4CH CHCH 
3CH2 Br Br nem CH;CH;CH; CH2CH2CH3 
5 R 5 R 
CH; 
е. CH; H H СН» H Вг $ 
» C—c-7 Br y. SCC or 
n ссн CHCH = \ e Br BER 
S S R R CHCH; CHCH; 
f. ј ресин СН,Вг СЊВг 
қ; + PEN or нв + e—a 
ВСН H H' 
2 Вг CHBr CH;CH;CH;CH; слезе 
К 5 R 
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Two different bromonium ions аге formed because Br, can add to the double bond either from the top of the 


plane or from the bottom of the plane defined by the double bond; the two bromonium ions are formed in 
equal amounts. Attacking the less hindered carbon of one bromonium ion forms one stereoisomer, whereas 
attacking the less hindered carbon of the other bromonium ion forms the other stereoisomer. Because Вг” 
can attack the least sterically hindered carbon with equal ease from pathway a as from pathway b, equal 
amounts of the threo enantiomers are obtained. Of course, some reaction will occur at the more hindered 
end of the bromonium ion, but it will occur to the same extent in both pathways. 


pathway a 
Во 


нс | CH;CH;CH;CH; 


роб жы 
H H 


and 


HO Br 


b. mechanism of the reaction 


HjO* Br 


48. 


Bel 
НУС, F СЊСЊСЊСНа 


The addition of Вг and OH аге anti, so 
these two substituents are trans to each 
other in the cyclic product. 


H20: 


+ Ht 


Br +ОН) 


а. Only anti addition occurs. Because the reactant is trans, the product is expected to be the erythro pair 


of enantiomers. However, in this case, each asymmetric carbon is attached to the same four groups, so 
the product is a meso compound. Therefore, only one stereoisomer is obtained. 


CH;CH; 
Сн» Br 5 
ог 
CH; Br R 
СЊСНз 


СЊСН Вг 
E C—C-— CH; 
СНз“ / 
Вг СН»СН» 
S R 
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b. Only one asymmetric center is created in the product, so the product is а racemic mixture. 


CHCH, CHCH, ri r 
Br CH * CH Br or C., С 
; сну \ "H н“ “сн; 
ВгС(СН,СН;), BrC(CH,CH;), C(CH;CH3) (CHsCH)2€ 
R S R ч Вг 5 


с. Only anti addition occurs. Because the reactant is cis (a cyclopentene ring cannot exist in a trans con- 
figuration), the product is the pair of enantiomers with the bromines on opposite sides of the ring. 


| Br 


CH; Br CH; 


d. Only anti addition occurs. Because the reactant is cis, the product is the pair of enantiomers with the 
bromines on opposite sides of the ring. 


CH;CH, СН,СН; 


СН; Вг Вг СН; 


49. а. Only syn addition occurs. Because the reactant is trans, the product is the threo pair of enantiomers. 


CH;CH; CH2CH3 
H CHCH; CHCH; H 
CH; H R H CH; У * S 
t ог CH;—-C—C., * „С—С СНз 
H CH, R CH3 H 5 Z \ Н H'/ 
CH3CH) CH; CH; CH2CH3 
CH»CH3 CH;CH; в R S $5 


b. The product of the reactions does not have any asymmetric centers, so it does not have any stereoisomers. 
CH;CH,CHCHSCH; 
CH; 
c. Only syn addition occurs. Because the reactant is cis, the product would be the pair of enantiomers 


with the hydrogens on the same side of the ring, but in this case, the product is a meso compound, so 
only one stereoisomer is obtained. 
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d. Only syn addition occurs. Because the reactant is cis, the product is the pair of enantiomers with the 


hydrogens on the same side of the ring. 


CH; CHCH; CHCH) CH; 
50. а. CH,CHCH;Br b. Equal amounts of the К and 5 enantiomers are formed (а racemic mixture) 
because a reactant without an asymmetric center forms a product with one 
Cl asymmetric center. 

=“ ү СН,Вг CHBr 

(Сва; + wed or Cl H Cl 
CH; VH Н" / “сн, 

СІ Cl CH; СН; 
5 R S R 


5]. а. А racemic mixture of (R)-malate and (S)-malate. (A product with one asymmetric center is formed 


from a reactant with no asymmetric centers.) 


b. Aracemic mixture of (R)-malate and (S)-malate. In the absence of an enzyme, the reactions are nei- 


ther stereoselective (part a) nor stereospecific (part b). 


52. Solved in the text. 


53. a. — 50, _ 
CH3CH=CH2 Gi on снае 
ОСН; 
Вг 
Ь. Pd + Br — ges 
Br 
CH? CHOH 
с. 1. R,BH/THF 


2. НО”, H202, НО 


" CH, CHa иво, 
or CH3OH 
C 
B 


OCH; 


This is the better option because the reaction is more highly regioselective. 


CH; 
Нз 
т 


ог E 


This is the better option because the reaction is more highly regioselective. 


OCH;CH;CH; 
5 № + Сн,Сн›СН;ОН 1% CY 
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54. Less of the desired product would be formed from 3-methylcyclohexene than from 1-methylcyclohexene. ~ 
Hydroboration-oxidation of 3-methylcyclohexene would form both 2-methylcyclohexanol (the desired 
product) and 3-methylcyclohexanol at approximately the same rate because the transition states formed 
when borane adds to the 1-position or the 2-position of the alkene have approximately the same stability. 


CH; CH; CH; 
OH 
1. RBH/THF + 
2. H90,, HO”, НО 
OH 
Br сњ CH2CH3 | CH; 
| 
55. a. фи“ b. CH;CCH;CH; с. Вг а. сњсну: —снон, 
Вг Вг СН» 


56. а. addition of a hydrogen halide, acid-catalyzed addition of water, acid-catalyzed addition of an alcohol 


> 


hydroboration, epoxidation 


с. addition of Br, or Cl, 


£e 


ozonolysis 


57. a. electrophile nucleophile 
CH;CHCH; + с: — CH,CHCH; 
М :С1: 


b. nucleophile electrophile 


CH;CH=CH, + н- CH;CH—CH; + ВЕ 


C. electrophile nucleophile 
CH3CH = CH) 


СНзСН› m CH;BH, 


+ н—ВЊ 
nucleophile electrophile 


CH; CH; 
58. а. CH4C—CHCH, + HBr ——- CH;C—CH,CH; 
Br 
СН» CH; 
b CHC—CHCH, + HI —— сс сс, 
1 
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е. 


СН» 


CH;C—=CHCH3; + Ch 


^ 
CH4C == CHCH; 


CH; 
CH4C— СНСН; 


ја 
СНзСН == ССН; 


CH; 
CH;C=CHCH; 


CH; 
CH;C=CHCH; 


СН» 
CH3;C = CHCH; 


CH; 
CH3C = CHCH3 


CH; 
CH4C— CHCH; 


CH; 


—— Cic =н; 


1. Оз, 78 °С 


Bro 


Вг, 


Вг» 


2. (CH3)S 


#8504 


——> 
CH;Ch 


= 
H;O 


СИОН 


1. RBH/THF 
2. H202, НО", ЊО 


а а 


О 
|| 


СН» 


СН» 
CH3C У CHCH; 
OH 


CH; 
5-7. = | 77 
Вг Вг 


СН» 
n == ү 
НО Вг 


|. 
CH3C HE CHCH3 
СНО Вг 


СН» 


| 
пени: 


OH 


Chapter 6 
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59. 


60. 


61. 


62. 


63. 


Chapter 6 
а. 2,2-diethyl-3-isopropyloxirane ог 3,4-epoxy-4-ethyl-2-methylhexane 
b. 3-ethyl-2,2-dimethyloxirane ог 2,3-epoxy-2-methylpentane 


forms a carbocation 
intermediate, so a 


R,BH is the OH 
electrophile, Pa 1. R,BH/THF 2 = p carbocation 
and Н is the OH 2 H202, НО’, Њ0 тта rearrrangement 


nucleophile. will occur 


О О 
|| || О О 


S Ы 5 КУКА 
а. CH,CH; “Сн, CHCH “н с. H 


oxidation oxidation 
b. CHjCHCH;CH;CH,; 
бн, 
тедиспоп 


1,2-ћудпде 
shift 


| 
CHCHCH==CH, + H—Br сну CHCH, сни, 


CH сњ) > 
pe 


ji Br 
клр SES edens 
СН» CH3 
2-bromo-3-methylbutane 2-bromo-2-methylbutane 


TO 


|| 
а. CH, C CH; ——- CH;—C—CH; + CHO- 
CH; 


EN че um" 
b. CH;C=C—-H + ‘NH, —— CH3C-C: + МН: 


с. СНС: Br + снб: —— CH;CH,—OCH; + Br 
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65. 


66. 


67. 


фи et 
1. RBBH/THF Е 


2. H202, НОТ, H,O 


H5SO, о 
HO 
RCOOH 
H,SO, SESS 


1. O3, -78 °С 
Ed 2. (СНу)5 
ОСН» cr ene 
СН» CH 
a. CY не СҮ 


b. (Note: D stands for deuterium, an isotope of hydrogen; DBr reacts іп а manner similar іо HBr.) While HBr 


Chapter 6 


СНС) Ws 
ZA Br 


225 


forms the same product when it reacts with the two alkenes, DBr forms different products. They are shown here. 


D 
CH;D CH; 


Br and Br 


Cl OH 


OCH, 


b. "ө, SN э, . 
+ 
Br + Br Cl Q Cl Cl 


= 2 3 О 
О 


В 
а. A H d. СНЗСН›СН=СНСН›СН» X f. CH,CH;CH—CHCH;CH; 
Pd/C 2 


НСІ CHCH = СН, 
b. CH;3CH;CH;CH-—CH, —— е, CY H2504 
H20 


СН» 
с. 1. К5ВН/ТНЕ 
————— 
2. H202, НО”, ЊО 
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or 


CH4CH;CH—CHCH;CH; 


Ch 
—— 


NaBr 
excess 


Вг, 
— 
NaCl 
excess 
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СН» 
| | А | 
+ 


Tertiary is more stable The electron-withdrawing Tertiary is more stable 
than secondary chlorine destabilizes the carbocation than secondary. 
| by increasing the amount of positive 
charge on the carbon. 
H H H 
+ 
69 “Су ЖХ — +в M ӘС 
H H , 
|н 
H H 
Br 
b. 
~ 
5 
= 
© 
о 
Е 


Progress of the reaction 


70. a. 1. Both cis- and trans-2-butene form these products; in each case, a product with one asymmetric 
center is formed, so the product is a racemic mixture. 


сни, снн; CH; CH; 

C.. + C or H Cl + Cl H 
сну V'H H'/ “сн, 

Cl Cl CHCH; CHCH; 

5 К 5 R 


2. Both cis- and trans-2-butene form these products; in each case, a product with one asymmetric 
center is formed, so the product is a racemic mixture. 


снн; CHCH; CH; CH; 
H OH + HO H 
, + А ог + 
CH; V'H H'/ “сн, 
CH4CH; CH4CH; 
5 R 5 R 
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3. cis-2-Butene forms а meso compound; the product has two asymmetric centers, and only syn 
addition occurs. 


trans-2-Butene forms a pair of enantiomers; the product has two asymmetric centers, and only 
syn addition occurs. 


H СН» СН» Н 


4. cis-2-Butene forms the threo pair of enantiomers; a product with two asymmetric centers is 
formed, and only anti addition of Br» occurs. 


CH; CH; 
H4C H H CH; 
# A / Н Вг5 Вг НЕ 
„С—С Вг + BEC С... ог 
H' \ / NH Br HS H BrR 
Br СН» СНз Вг 
5 5 R R CH; CH; 


trans-2-Butene forms a meso compound; a product with two asymmetric centers is formed, and only 
anti addition of Br; occurs. 


СН» 
НАС Вг 
= Н Вг5 
C=C or 
HJ X H Br R 
Br CH; 
S R CH; 


5. cis-2-Butene forms the threo pair of enantiomers; a product with two asymmetric centers is 
formed, and only anti addition of Br and OH occurs. 


СНз 
Њен И И OHS HO HR 
чы ин 7 Br R 
HO CH; CH3 OH 

S S R R CH; 


trans-2-Butene forms the erythro pair of enantiomers; a product with two asymmetric centers is 
formed, and only anti addition of Br and OH occurs. 


CH; CH; 
H3C Н, CH; 
3 а ВС " HO HR H ОН S 
HO'7- NT /7 ХОН 
H CH, CH H Br HS H Br R 
6. Both cis- and trans-2-butene form this product; a product with no asymmetric centers is formed. 
CH;CH,CH,CH; 
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72. 
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7. Both cis- and trans-2-butene form these products; a product with one asymmetric center is 
formed, so the product is a racemic mixture. 


єн,сн; снн, CH; CH; 
Cu + we or Н OH + HO H 
CH; V'H H'/ “сн; 
OH HO CH4CH; CHCH; 
5 R 5 R 


8. Both cis- and trans-2-butene form these products; a product with one asymmetric center is 
formed, so the product is a racemic mixture. 


сни, CHICHs CH; CH; 
С », + ow С or H OCH; + СНО Н 
CH; V'H н“ "cH, 
ОСНз СНО СН»СН» CHCH; 
S R 5 R 


For cis- and trans-2-butene to form different products, (1) the reaction must form a product with two new 
asymmetric centers and (2) either syn or anti addition must occur (but not both). Therefore, the cis- and 
trans-2-butene form different products when they react with a peroxyacid, with Вг», and with Br, in H,O. 


СНз СНз OCH; 


СН» | BN $ 4 
E a О —— Вг CH, OH "OCH; “CH3 
Br Br 


The addition of Br,/CH,OH is anti. In the second step of the reaction, CH,OH can add to the cyclic 
bromonium ion from the top of the plane or from the bottom of the plane. The products are a pair of 
enantiomers. 


To determine relative rates, the rate constant of each alkene is divided by the smallest rate constant of 


the series (3.51 х 107%). 
relative rates 


propene = (4.95 x 1078) /(3.51 x 108) = 1.41 
(Z)-2-butene = (8.32 х 10:5)/(3.51 x 108) = 2.37 
(E)-2-butene = (3.51 х 10 8)/(3.51 х 108) = 1 
2-methyl-2-butene = (2.15 х 10 “)/(3.51 x 1079) = 6.12 x 10° 


2,3-dimethyl-2-butene = (3.42 х 1074) /(3.51 х 1079) = 9.74 x 10? 


Both compounds form the same carbocation but, because (Z)-2-butene is less stable than E-2-butene, 
(Z)-2-butene has a smaller free energy of activation. 


2-Methyl-2-butene is more stable than (Z)-2-butene, and it forms a more stable carbocation intermedi- 
ate (tertiary) and, therefore, a more stable transition state than does (Z)-2-butene (secondary). Knowing 
that 2-methyl-2-butene reacts faster tells us that the energy difference between the transition states 
is greater than the energy difference between the alkenes. This is what we would expect from the 
Hammond postulate, because the transition states look more like the carbocations than like the alkenes. 


2,3-Dimethyl-2-butene is more stable than 2-methylbutene, and both compounds form a tertiary carboca- 
tion intermediate. On this basis, you would predict that 2,3-dimethyl-2-butene would react more slowly 
than 2-methylbutane. However, 2,3-dimethyl-2-butene has two sp? carbons that can react with a proton to 
form the tertiary carbocation, whereas 2-methyl-2-butene has only one. The fact that 2,3-dimethyl-2-butene 
reacts faster in spite of being more stable tells us that the more important factor is the greater number of 
collisions with the proper orientation that lead to a productive reaction in the case of 2,3-dimethyl-2-butene. 
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а. 


а. 
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E р. а! 9 р. 
С=С has а greater dipole moment than C=C where the С— СІ dipoles 
а NY Ху _ oppose each other 
H Cl H Cl 
Cl H Cl CH; Recall that an sp? carbon is more 
by P d A 1 ive th 3 carb 
C=C h {еей tth C=C electronegative than an 5р? carbon. 
/ ~ а аса А N Therefore, the С— СН; and C—Cl 
H CH; H H dipoles reinforce each other, leading to a 
higher dipole, in the compound on 
the left and oppose each other in the 
compound on the right. 
СНз СН; CH; 
+ Br + "Br + Вг“ 
Br" ~ Вг Вг 
СЊСНз CH;CH; CHCH, 
с я 
С “tony we ~ 
/ X H + He CH,CH,CH; 
CH,CH,CH; ‘oy a 
CH; d. Ссн, сев 
Вг“ ba | 
JO Pu ‘CH; + сну“ f — CH;CH;CH, 
Br = CH;CH,CH, Br Br 
CH; 


No, he should not follow his friend's advice. Adding the electrophile to the sp? carbon bonded to the most 
hydrogens forms a secondary carbocation in preference to a primary carbocation. However, in this case, 
the primary carbocation is more stable than the secondary carbocation. The electron-withdrawing fluorine 
substituents are closer to the positively charged carbon in the secondary carbon. Therefore, they will desta- 
bilize the secondary carbocation more than the primary carbocation. So the major product will be 1,1,1-tri- 
fluoro-3-iodopropane and not 1,1,1-trifluoro-2-iodopropane, the compound that would be predicted to be 
the major product by following the rule. 


а. 


ЕЗССН›—СН, 


more stable 


F4CCH — CH; 


less stable because of the nearby 


electron-withdrawing fluorines 


C 


+ 
H+OCH, 


H 


CH3CH;CH == CH; 


+ 
CH;CH;CHCH, 


CH;CH;CHCH; 


Hx • 


>OCH; 
| 
C 


снзбн 


CH3CH;CHCH; 
OCH 
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b. the first step (See the answer to Problem 10.) 
c H* e. the sec-butyl cation 
d. 1-butene f. methanol 


Њ;СНа 


СН›СНз x 


CH;CH; 


71. a. 


1. RyBH/THF 


———— 


2. НО", ЊО,, H20 


(The Н апа ОН are added to the same side.) 
CH2CH3 CH;CH; 


CH;CH3 Bry A 
TOO. 'Br | Br 

Br "Br 

(The two bromines are added to opposite sides 
of the cyclohexane ring.) 


78. CH4CH,; H CH;CH; 
N Br, 
P =C H Br 
H CHCH, H Br 
trans-3-hexene 
CH;CH; 
a meso compound 
79. C CH;CH; CH;CH; CH4CH; 
Br 
с=< —— H OH HO H 
^ + 
Н H Br H H Br 
cis-3-hexene CH,CH, CH,CH, 
(3S,4S)-4-bromo-3-hexanol (3R,4R)-4-bromo-3-hexanol 
О: Н " 
H;O j^ н, у 
ОН T 
mw peo s 
80. a 24 —- — + 4 pud 
2 C 
1 
H--OH 1205 
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Five- and six-membered rings are more stable than smaller or larger rings. 

a. Either a six-membered ring or a five-membered ring can be formed. However, because the more substituted 
three-membered ring carbon has the larger partial positive charge (it is secondary, and the less substituted 
one is primary), the пита ring breaks in the direction that forms the five-membered ring. 


cr 
la 
HOCH »CH,CH,CH— CH, наа 


СН,Вг бй 


тајог de 


AS 
HOCH,CH,CH,CH—CH, e == C3 t 
ы A 0 Вг О Вг 


minor product 


m—Or 


b. A six-membered ring will form in preference to a less stable seven-membered ring. (In addition, 
formation of the six-membered ring involves the preferred attack on the more substituted ring carbon.) 


+ 
(Br 
А У \ 
НОСН 7CH,CH,CH,CH— CH, 


СН,Вг a 


m—O+ 


a. Тш cee 


С А + en C t CH3CH;CHCH;CH; 
сн уун на CH | 


Cl 
5 R 
or 
CH; CH; 
H Ql а H g Свен HGHH; 
CH;CH;CH; CH;CH;CH; CI 
S R 


b. CH;CH;CH; CHICH;CH; 


C. + „С + CHjCH,CHCH,CH; 
„~, * 
CH; VH H'/ “сн, | 
CI CI 
5 


СІ 
R 
or 
CH; CH; 
H CI " с—|-н z CIGCHCHGHICHS 
CH;CH;CH; CH,CH,CH; СІ 
5 R 
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d. 


е. 


83. а. 


с. 


Coe ре CH(CH3); CH(CH3); 
С. + „С ог СН» Н + H CH3 
О“ и c 
CH43CH;CH; \ Н H"/ “CH,CH,CH 
т ae CH; Ra сы CH;CH;CH; 
R 
Xa cl КЕ Ne CH; Hs 
ce ы о en СН» 
cis 5 ЈА trans 
Dy D 
(CH3),CCH,CH; — (CH3CCH;CH; CHBr CHBr 
1 l or H Br Br H 
-—7 "чи NN ч 
МН H 
МЄН Ser pÁ CH2Br (CH3)sCCH,CH;  (CH3)yCCH)CH; 
R 5 R 5 
CH;CH; CH2CH3 
" | 
CHCH, E CH ње = „Св СНа Н CH; 5 CH; H R 
pc T + 3 x Сүн ог 
CH H + H CH; R 
CH; СН,СН,СН; CH4CH;CH; CH; У > к 
S S к К СЊСЊСНз CH;CH;CH; 
CH;CH; CHCH; 
с— ссн, 3 C Come, or 
сну / \ / М CH; HS + H CH; R 
CH,CH;CH,  CH,CH;CH, H 
R S R S CH;CH;CH, СН,СН,СН; 
H MD ТА Н Н ми; «um H 
СГ; gCH,CH, Снусн; „а 


Both 1-butene and 2-butene react with HCl to form 2-chlorobutane. 


Both alkenes form the same carbocation and, therefore, have transition states that are close in energy, 
but because 2-butene is more stable than 1-butene, 2-butene has the greater free energy of activation. 


Both compounds form the same carbocation and, therefore, have transition states that are close in 
energy, but because (Z)-2-butene is less stable, it reacts more rapidly with НА. 


Copyright О 2017 Pearson Education, Inc. 


85. 


86. 


87. 


Chapter 6 


Вг 
с 9. Br 
O O 
a. р 46 
O O 
5 жага. 
О О 
О 
О О О О 
зы AA, 
‚ О 
о о о О 
e нс=о + ДДД + а 
H H H 
O 
CIBC. Fh CH;CH; CHCH; 
H 
ш: a H CH, CH; H 
+ 
CH; CH;CH, CH; H H CH; 
trans-3,4-dimethyl-3-hexene CH,CH, CH,CH, 
(3S,4S)-3,4-dimethyhexane (3R,4R)-3,4-dimethylhexane 
СН» СН» 
= НИ н. УСН H Br$ В HR 
wC—C—Br + Вг—- С— С... ог + 
H' X МН 
pi CHCH; eee Br Br HS H Br R 
5 S R R CH;CH3 CH;CH; 
CH; СН» 
b. HC H H, CH; Br HR H Br S 
ССВ + Вг=С—С..„ ог T 
B “Вг Вг HS H BrR 
H CH;CH; CH4CH; H 
R S R S CH;CH; CH;CH; 
c. eem oe СН» СН» 
+ x or na + a——n 
CH; \ н н” { “СН; 
1 CHCH; CHCH 
5 R $ R 
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CH;CH; 
ej MEME Н H Br 5 
„СС Br or 
Br'y N 
H CHCH; B PER 
R S CHCH; 
a meso compound 
CH;CH; CH;CH; 
f. 
CH3CH? B H, CECH H Br 5 : Br HR 
ес === Вр + Br=-C—C..., or 
H 1 1 H 
d CH;CH; cH,CH, NS Br HS H Br R 
$5 R R CH;CH; CH,CH; 
g. The initially formed carbocation is secondary. It undergoes a 1,2-methyl shift to form a tertiary carbo- 
cation that forms the products shown below. 
CH;CH; CH;CH; 
Br Br 
| | Br СН; R CH; Br 5 
„С... + nox ar * 
(CHCH V “CHCH, CHCH /. CH(CH3) CHCH; CHCH; 
CH3 CH3 | | 
R S CH3 СН» 
h. сњсн, ссн CH; CH; 
C. 4 ‚С ог Н Вг + Вг H 
РА "te, wn ч 
CH; \ н H` [ СН; 
Вг Вг CH,CH; CHCH; 
S R 5 R 
CH3 
i, РОС H 
\ Э Н СІ 5 
е ог 
e N H СІ В 
CH3 
R 5 CH; 
a meso compound 
j СН» СН» 
° HC Н СН 
Ne UN un H cis а HR 
н” Ста + CI-—C-—C., or T 
X / H CI Н 5 Н CIR 
Cl CH; CH; Cl 
S S К К СН» СН» 
СН›СН; 
К. СН»СН» Н 
\ H CH; S 
«С—С СНз ог 
CH3 H CH, R 
H CH;CH; 
CH;CH4 


a meso compound 
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СН»СН» CH2CH3 
l. СЊСЊ H H CHCH; 
S ~ Н СН» 5 СН» Н R 
eC—C-CH; + CH C—C., ог + 
Н/ А / NE CH; H 5 H CH, R 
CH; CHCH; CHCH, CH3 
S S R R CHCH; CHCH; 


88. The first product would not be formed, because none of the bonds attached to C-2 were broken during the 
reaction. Therefore, the configuration at C-2 cannot change. 


89. А has two degrees of unsaturation. Because it has three methylene groups, it must be a methyl- 
substituted cyclopentane. Because A forms only one product when it reacts with aqueous acid, A must be 
l-methylcyclopentene. Therefore, A-F have the following structures. 


CH; CH; СНз СНз СН; 
CY CY јон О О 
"он но“ БР = ке 
А B C D E F 


90. Diazomethane is a very reactive compound because the triple-bonded nitrogen has a strong propensity 
to depart from the carbon to form a very stable molecule of nitrogen gas. As it departs, the nucleophilic 
alkene attacks the electrophilic carbon, and in the same step, the lone pair is the nucleophile that adds to 
the other sp? carbon of the alkene. 


CH=CH; == И + № 
„7 


91. I—CH, reacts like Br,. The CH, group is the electrophile that adds to the sp? carbon, and its lone pair is 
the nucleophile that adds to the other 5р? carbon. 


er 


- + 
reacts as if it were I—CH, Znl 


Мы — Aer 
CH=CH, 
92. a. The base removes a proton. Then do what is needed to get the known product of the reaction. 
Cl Cl Cl 
PX | | 
TA + НО: ——- T == ЕС: + СГ 
Cl Ca 


+ HO 
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b. Notice that this reaction has the same mechanism as that in part a except instead of a base removing 
a proton and leaving behind its bonding electrons, heat causes CO, to be removed, leaving behind its 


bonding electrons. 


m | [ 
ere, A 
ce 15 BT —- а—с: + cr 
Na* 
CI Na* Са 
+ СО» 
~ је Се 
С! 
94. а. b. CO с. HK 
95. Br Br 
HBr | | 
DNE Ce, mec 
CHCH V "СНз 3/ ~ 
(CH3)2 CH4CH; CHCH) CH(CHs3)s 
5 R 
CH(CH;), ° CH(CH3)2 
Br СН; + СН» Вг 
CHCH; СН›СН» 
$ R 
CH; 
H CH3 HC, H 
B м. = CHO. / H Br 5 
Go a ш, Сар OF 
У вг/ \ / г сно CH; 5 
СНз CH(CH3); ВИСА R СН» 
Ж. CH(CH3), 
OH OH 
#50, | | 
H20 С, СН.” 
(СНз)>СН” Y “CH; 3" / ~ 
CH;CH; CH,CH;,  CH(CH»» 
5 R 
or 
CH(CH3) CH(CH3) 
HO CH; CH; OH 
CH;CH; СН›СН» 
5 R 
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CH3 
Br H R 
+ 
CH; OCH; К 
CH(CH3)2 
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H H 
Н; | | 
Pd/C Ее. me 
adi H3C" © 
(CH)CH \ СН; 
3) CH,CH; CH;CH, СН(СНз)з 
R 5 
ог 
CH(CH3) CH(CH3) 
H CH; CH; H 
CH;CH; CH;CH; 
R | 5 
CH; CH; 
H CH H3C, 
Bry Чы йн; Bras у КЕ H Вг 5 Br HR 
CHC” psf у a в CHS сн Br R 
СНз CH(CH3), (СНЗ)СН CH; 3 3 Е 
5 5 R R CH(CH3)2 CH(CH3)2 
CH; CH; 
H3C H H 
1. RBH/THF м. = cH; НСА. „Са H OH S HO H К 
2. НО”, H202, H20 Hc S z / К E Е ш 
НО CH(CH3). (CH3)CH oH CH; H S H CH; R 
55 к К СН(СН:)2 CH(CH3) 
CH; CH; 
H CH H3C, 
Br, \ oc OH Р Носи - H Br 5 3 Br H R 
HO Вг“ \ и В 
CHÍ CH(CH;), (CHCH Xn HO CH,S СН» OHR 
So» 5: CH(CH3); CH(CH3); 
96. a 
D 
ый гү dr 1 
(== => 


b. The initially formed carbocation is tertiary. 

c. The rearranged carbocation is secondary, which undergoes another rearrangement to a more stable ter- 
tiary carbocation. 

d. The initially formed carbocation rearranges in order to release the strain in the four-membered ring. 
(A tertiary carbocation with a strained four-membered ring is less stable than a secondary carbocation 
with an unstrained five-membered ring.) 
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97. 2-Methylpropene will be hydrated more rapidly. 


1. It is more reactive than the chloro-substituted alkene, because the electron-withdrawing chlorine makes 
the alkene less nucleophilic. 

2. The carbocation intermediate that 2-methylpropene forms (and, therefore, the transition state leading 
to its formation) is more stable, because the electron-withdrawing chlorine increases the amount of 
positive charge on the carbon. 


98. It tells us that the first step of the mechanism is the slow step. If the first step is slow, the carbocation will 
react with water in a subsequent fast step, which means that the carbocation will not have time to lose a 
proton to reform the alkene, so all the deuterium atoms (D) will be retained in the unreacted alkene. 


+ 


OH 


If the first step is not the slow step, an equilibrium will be set up between the alkene and the carbocation, 
and because the carbocation could lose either H* or D* when it reforms the alkene, all the deuterium atoms 
would not be retained in the unreacted alkene. 


99. Because fumarate is the trans isomer and it forms an erythro product, the enzyme must catalyze the anti 
addition of 050. (Recall: CIS-SYN-ERYTHRO allows TRANS-ANTI-ERYTHRO but does not allow 
TRANS-SYN-ERYTHRO, because two terms must be changed.) 


100. — When S-3-methyl-1-pentene reacts with Cl,, a compound with a new asymmetric center (*) is formed. The 
relative position of the groups around the asymmetric center does not change because no bonds to it are 
broken during the course of the reaction. 


Јо i 
C "n Cl; С... ; 
CH,=CH CH;CH; CICH,— CH CHCH, 
(S)-3-methyl-1-pentene T 
The new asymmetric center can have either the R or S configuration. Therefore, a pair of diastereomers is 
obtained. 
CICH H cl Е 
~ с с. 
О C= CH “т C= CH 
H /R S 3 H 3 
Cl CH;CH; CICH; CHCH; 


(2R,3S)-1,2-dichloro-3-methylpentane — (25,35)-1,2-dichloro-3-methylpentane 
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101. а. А proton adds (о the alkene, forming a secondary carbocation, which undergoes а ring-expansion геаг- 
rangement to form a more stable tertiary carbocation. 


CH; 
+ H40* 


102. 


Copyright © 2017 Pearson Education, Inc. 


240 


Chapter 6 


Chapter 6 Practice test 


Which member of each pair is more stable? 


+ + 
а. CHyCHCH,CH; b. CH;CH,CH,CH, с. CH;CH;CH, 
or or or 
+ + 
CH;CCH; CH;CH;CHCH, CICH;CH;CH; 
| 
CH; 


Which is a better compound to use as a starting material for the synthesis of 2-bromopentane? 
CH3CH;CH;CH = СН, or CH3CH;CH = CHCH3 


What is the major product of each of the following reactions? 
СНз 
а. СН,=ССН,СНз + HBr —— 
СН» 
b. CH;CHCH=CH, + на —— 


с. CH;CH,CH=CH, + Ch 2. 
rii 
d. CH3CCH —CH; t HBr —— 


СН» 


e. CHCH—CH, + C —— 


f. CH,CH=CH, !:R:BHTHF . 
CY 2. HO, H0, H,O 


What is the major product obtained from hydroboration-oxidation of the following alkenes? 


a. 2-methyl-2-butene b. 1-ethylcyclopentene 


Indicate how each of the following compounds can be synthesized using an alkene as one of the starting 


materials: 
CH; 


| 
CH3CCH,CH; 


OH 


Cl 
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СНз 
с. —— СУ Вг 
СН» 
d. Су" 


Indicate the carbocations that you would expect to rearrange to give а more stable carbocation. 
CH; CH; 


p 
CH3CH;CHCHCH;3 CH3CH,CHCH; Si g 
+ + 


Indicate whether each of the following statements is true or false: 


- 
"Tj 


a. The addition of Br, to 1-butene to form 1,2-dibromobutane is a concerted reaction. 


- 
"T 


b. The reaction of 1-butene with HCl forms 1-chlorobutane as the major product. 


c. Thereaction of HBr with 3-methylcyclohexene is more highly regioselective 
than is the reaction of HBr with 1-methylcyclohexene. 


d. The reaction of an alkene with a carboxylic acid forms an epoxide. 
e. Acatalyst increases the equilibrium constant of a reaction. 
f. The addition of HBr to 3-methyl-2-pentene is a stereospecific reaction. 


2. The addition of HBr to 3-methyl-2-pentene is a stereoselective reaction. 


a ч ч ч = 
ч о 'т т тлом 


ћ. The addition of HBr (о 3-methyl-2-pentene is a regioselective reaction. 


Draw all the products that are obtained from each of the following reactions, indicating the stereoisomers 
that are formed: 


а. l-butene + HCl с. trans-3-hexene + Br, 


b. 2-pentene + HBr d. trans-3-heptene + Вг, 


Draw the stereoisomers that are obtained from each of the following reactions: 


a. c. 
Br; H2 
CH;Clz Pd/C 


СН» СН» CH; СН» 
b. d. 
Вг. 2 H2 
СН2СЬ Pd/C 
СН» СЊСНз СНз СН›СН; 
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The Reactions of Alkynes • An Introduction (о Multistep Synthesis 


Important Terms 


acetylide ion 


aldehyde 


alkylation reaction 
alkyne 


carbonyl group 


enol 


geminal dihalide 
internal alkyne 


keto—enol tautomers 


ketone 


7r-complex 


the conjugate base of a terminal alkyne. 
ЕС= С 


a compound with a carbonyl group that is bonded to an alkyl group and to а hydro- 
gen (or bonded to two hydrogens). 


| ог | 
С 


а reaction that adds an alkyl group to a reactant. 
a hydrocarbon that contains a triple bond. 


a carbon doubly bonded to an oxygen. 
O 
| 


“°ч. 


an alkene with ап OH group bonded to one of the 5р? carbons. 


a compound with two halogen atoms bonded to the same carbon. 
an alkyne with its triple bond not at the end of the carbon chain. 


a ketone or an aldehyde and its isomeric enol. The keto and enol tautomers differ 
only in the location of a double bond and a hydrogen. 


| T 
Ро = „26У“. 
RCH; R RCH R 
keto enol 


a compound with a carbonyl group that is bonded to two alkyl groups. 


a complex formed between an electrophile and a triple bond. 


242 
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radical anion a species with an atom that has a negative charge and an unpaired electron. 


retrosynthetic analysis working backward (on paper) from a target molecule to available starting materials. 
or retrosynthesis 


tautomerization interconversion of keto—enol tautomers. 

tautomers constitutional isomers that are in rapid equilibrium; for example, keto and enol 
tautomers. The keto and enol tautomers differ only in the location of a double bond 
and a hydrogen. 

terminal alkyne an alkyne with its triple bond at the end of the carbon chain. 

vinylic cation a species with a positive charge on a vinylic carbon. 

vinylic radical a species with an unpaired electron on a vinylic carbon. 
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Solutions (о Problems 


1. а. 5-bromo-2-pentyne с. 1-methoxy-2-pentyne 

b. 6-bromo-2-chloro-4-octyne d. 3-ethyl-1-hexyne 
2. a. 6-methyl-2-octyne b. 5-ethyl-4-methy]-1-heptyne c. 2-bromo-4-octyne 
3. The general molecular formula of a noncyclic hydrocarbon is C, E, +». 


Therefore, the molecular formula for а noncyclic hydrocarbon with 14 carbons is C,4Hg. 


Because a compound has two fewer hydrogens for every ring and т bond, a compound with one ring and 4 
m bonds (2 triple bonds) has 10 fewer hydrogens than the С„Н»„+2 formula. 
Therefore, the molecular formula is C,4Hyp. 


[N 
4. а. СІСНСН,С==ССН›СН 2 d. CH,;CH,CHC=CCH,CHCH 
2-115 2 7 OF 3 2 | 2 | 3 Lo Z 
CH; CH; 
[m 
b с=с === е. НС==ССН,ССН; >< | 
4b ‘CH | 
би ји eit 
{22 p 
CH2— СН» 
AA 
с. кчы = CH E dd f. СНзС=Е CCH; Е n 
СН» 
5. HC = ССЊСЊСЊСНУ CH3C = CCH;CH;CH; CH3CH,C = ССН,СН; 
1-ћехупе 2-ћехупе 3-ћехупе 
butylacetylene methylpropylacetylene diethylacetylene 
CH3;CH,CHC=CH CH3;CHCH,C=CH CH3;3CHC=CCH; 
| | 
CH3 CH; CH; 
3-methyl-1-pentyne 4-methyl-1-pentyne 4-methyl-2-pentyne 
sec-butylacetylene | isobutylacetylene isopropylmethylacetylene 
/ ү 
СНзСС== СН 
| 
s CH3 
3,3-dimethyl-1-butyne 
tert-butylacetylene 
6. a. 1-hepten-4-yne d. 3-butyn-1-ol 
b. 4-methyl-1,4-hexadiene e. 1,3,5-heptatriene 
с. 5-vinyl-5-octen-1-yne - f. 2,4-dimethyl-4-hexen-1-ol 


(One of the functional groups 
cannot be included in the 
parent hydrocarbon.) 


Copyright О 2017 Pearson Education, Inc. 


п. 


12. 


13. 


14. 


15. 


16. 
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a. (E)-2-hepten-4-ol b. 1-hepten-5-yne с. (£)-4-hepten-1-yne 
a. sp-sp d. sp-sp g sp^—sp 

b. sp-sp e. sp—sp h. sp-sp 

с. sp—sp* f. sp-sp? i. sp’—sp 

alkane = pentane alkene = 1-pentene alkyne = 1-pentyne 


The cis isomer has a higher boiling point because it has a dipole moment, whereas the dipole moment of 
the trans isomer is zero. 


Solved in the text. 
г | 
а. = E с. о е. iE ла 
Вг Вг Вг 
Br i Br ý | 
b. DAEN d. E i f. СНзССН›СН»СН» + CH3CH;CCH;CH; 
| | 
Br Br Br Br Br 
:Вг: 
< 
:Вг: Cru Br 
г; :Вг: 
S N | 


а. CH3C==CCH; — CH,C—=CCH; — снур=Ссн, 
:Ве Вг 


b. Only anti addition occurs because the intermediate is a cyclic bromonium ion. 
Therefore, the product has the Е configuration. 


НзС E 
с=с 
\ 
Вг СН» 


Because the alkyne is not symmetrical, two ketones аге obtained. 
O 


|| || 
СН3СН›ССН›СН›СН›СНз and CH3;CH,CH,CCH,CH,CH; 


a. CH,;C=CH b. CH,CH,C=CCH,CH; с. нес ) 


The best answer for b is 3-ћехупе, because it would form only the desired ketone. 
2-Hexyne would form two different ketones, so only half of the product would be the desired ketone. 


OH 


Because the ketone has identical substituents bonded to the 
а. CH, = CCH; carbonyl carbon, it has only one enol tautomer. 
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ЈЕ on 
b. CH;CH=CCH,CH,CH; and CH3;CH,C=CHCH,CH; 


E and Z isomers are possible for each of these enols. 


H OH H CH;CH;CH; HO H HO CHCH; 
\ / \ / \ \ / 
C=C C=C C=C C=C 
/ \ / \ / \ / N 
CH; CH,CH,CH; CH; OH CH3CH; CHCH; CH,CH; H 
E Z E Z 
OH OH Because each enol has identical 
| | groups bonded to one of its sp? carbons, 
с. CHh-—C and CH3C E and Z isomers are not possible 
for either enol. 
O О O 


| | | | 
17. a. (1) CH3CH;CCH; b. (1) CH3CH;CCH; с. (1) CH3CH»CH2CCH3 апа CH3CH;CCH;CH; 


Jl ] | ] 
| 
(2) СНАСЊСНЊСН (2) CH3CH;CCH; (2) CH3CH;CH;CCH; апа  CH3CH;CCH;CH; 


18. Ethyne (acetylene) 
An alkyne can form an aldehyde only if the OH group adds to a terminal sp carbon. In the acid-catalyzed 
addition of water to a terminal alkyne, the proton adds to the terminal sp carbon. Therefore, the only way 
the OH group can add to a terminal sp carbon under these conditions is if there are two terminal sp carbons 
in the alkyne. In other words, the alkyne must be ethyne. 


H 
19. а. CHCH;CH;CESCH or CH,CH;CECCH, ———  CH4CH;CH;CH;CH, 


Pd/C 
1-репѓупе 2-pentyne 
: Е „ ВС) _ ОН 
‚ CH3C = ССН; тетя gor 
2-butyne catalyst H H 
CH;CH, H 
с. сњењс=<есењ —— | 
: 377277 77 35 — NHy(lig) FN 
2-pentyne -78 °C H CH3 


d. СН;СН›СН›СН›С=СН Lindlar 


l-hexyne catalyst 


CH3CH;CH;CH;CH = CH) 


Ма/МН (На) cannot be used to reduce terminal alkynes because Na removes the hydrogen that is attached 
to the sp carbon of the terminal alkyne. 


2RC=CH + 2Na ———- 2RC=C + 2Na* + Hb 


Copyright © 2017 Pearson Education, Inc. 


21. 


22. 


23. 


24. 


25. 


26. 


27. 


Chapter 7 247 


О 


dr = ee ee 
AEN ur mo 
Ча RU Lac dd dud 


А terminal alkyne has a pK, = 25. A base that removes a proton from a terminal alkyne in a reaction that 
favors products must have a conjugate acid that is a weaker acid than a terminal alkyne. That is, it must 
have a pK, > 25. (Recall that the equilibrium favors formation of the weak acid.) 


CH,CH, and Н,С — CH because the pK, values of their conjugate acids аге > 60 and 44, respectively. 
The pK, values of the conjugate acids of the other choices are all « 25. 
The reaction of sodium amide with an alkane does not favor products because the acid that would be 


formed is a stronger acid than the alkane (the reactant acid). Recall that the equilibrium favors reaction of 
the strong acid (or strong base) and formation of the weak acid (or weak base); Section 2.5. 


CH3;CH; + "NH; — CHCH, + МН; 
pK, > 60 pK, = 36 
weaker acid weaker base stronger base stronger acid 


The base used to remove a proton must be stronger than the base that is formed as a result of removing the 
proton. Therefore, the base used to remove a proton from a terminal alkyne must be a stronger base than 
the conjugate base of the terminal alkyne. A terminal alkyne has a pK, ~ 25. In other words, any base 
whose conjugate acid has a pK, greater than 25 can be used. 
a. CH3CH»CH,CH, > CH,CH;CH—CH > CH3;CH,C=C 
b “NH, > CH3;C=C > СЊСЊО > Е 
Solved in the text. 

+ + 
a. ЊС = CH b. CH3CH; 
A triply bonded (sp) carbon is more electronegative than an sp? or sp? carbon. Therefore, a triply bonded 
carbon with a positive charge is less stable than a doubly bonded or singly bonded carbon with a positive 


charge. Thus, in a, the vinyl cation is more stable and in b, the ethyl cation is more stable. 


Solved in the text. 
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28. а. 


с. 


е. 


29. а. 


30. а. 


с. 


__ 1. МаМН, = 
1. NaNH 1. NaNH 
нс==си c o сносе === 
Lu H2 E 
CH3CH;C == CCH;CHs dor" peas 
catalyst H H 
= ee = 2 H;CH=CH 
НС== СН основе СНзС=ЕСН ПЕТЯ CH3CH= CH, 
catalyst 
> 
1. NaNH HCl 
HC=CH  — —? cH;C=CH 77. CHCCH; 
2. CH3Br | 
а 
| 
1. Ry/BH/THF 
product of а >. HO: но, Њо СЊСЊСЊСЊСН 
product of c HER, CH3CHCH; 
| 
Br 
Cl | Та 
| 
IRAM c. a + Е T ES 
Cl Cl Cl 
T equal amounts 
СЊСЊСЊССНСНза 
| 
Cl 


CH3C =CCH2CH>CH; 


CH;CH,C= CCHCH;CHSCH; 
CH;CH; 


CH;C==CH 


CH2—CHC=CH 


СНЗОСЕЕСН 


CH, CH, 
ВОН 
CH; 


$. BrC=CCH,CH2CH; 


OH 
h. 
CH; 
i. CH3CHxC=CCH2CH3 
CH, CH; 


| 
1. сн = сесњ 


СНз СН; 
К. [ C=CH 
Ti 


1. сњс= ссњснснсн, 
СН; 
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32. 


33. 


34. 


35. 


Chapter 7 


The student named only one correctly. 
а. 4-methyl-2-hexyne b. 7-bromo-3-heptyne с. correct а. 2-pentyne 


Gar" id 


N T 
CH3CH;C—CH + :Вгг -———= аа ЕН 
ы” 
electrophile nucleophile :Вг: 


CH,C=C1H’ + Ин, ———_ сњс=ст + NH, 


electrophile nucleophile 


сњс=сс сн; ———-  СНС=ССНз + :Br:7 
nucleophile electrophile 


(Methyl bromide is an electrophile because the carbon has a partial positive charge since 
bromine is more electronegative than carbon.) 


а. 5-bromo-2-hexyne се. 5,5-dimethyl-2-hexyne e. 1,5-cyclooctadiene 


249 


b. 5-methyl-2-octyne а. 6-chloro-2-methyl-3-heptyne f. 1,6-dimethyl-1,3-cyclohexadiene 


O 
1. Hə, Lindlar catalyst ZN 
RCH,CH; 2. S RCH — CH; 


о 


ехсеѕѕ 
Н», Pd/C 


ЕСН=СН› 


H;/Lindlar catalyst 


RCHCH; | 
| 1. H»/Lindlar catalyst 
В „/ 2. HBr 
Br excess HBr RC=CH H;0/H5SO, 
| ки в О 
| 


ЕССН» 
i. 1 equiv НВг 1. R,BH/THF RCCH; 
2. НО", H202, ЊО О 
| 
S = CH, RCH;CH 
Br 


a. First draw the straight-chain compounds with seven carbons; then draw the straight-chain compounds 
with six carbons and one methyl group; then draw the straight-chain compounds with five carbons and 
two methyl groups (or with one ethyl group). Naming them will tell you if you have drawn one com- 
pound more than once because if two compounds have the same name, they are the same compound. 


HCZzcCCH;CH;CH;CH;CH; CH3C = CCH;CH;CH;CH5 CH3CH,C = ССЊСНЊСНа 
1-Вергупе 2-heptyne 3-heptyne 
pentylacetylene butylmethylacetylene ethylpropylacetylene 
* * 
CH3CH;CH;CHC = CH CH3CH;CHCH;C = CH CH3CHCH;CH;C-— CH 
| | 
CH; СН» СН» 
3-methyl-1-hexyne 4-methyl-1-hexyne 5-methyl-1-hexyne 
isopentylacetylene 
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36. 


37. 


Chapter 7 
* 
CH3CH;CHC == ССН; CH3;CHCH,C=CCH3 aa 
| | 
СН» СН» СН» 
4-methyl-2-hexyne 5-methyl-2-hexyne 2-methyl-3-hexyne 
sec-butylmethylacetylene isobutylmethylacetylene ethylisopropylacetylene 
СНз Ts 15 
| 
CHCC = CCH; CH3;CCH,C=CH CH3CH;CC = CH 
| | | 
СН» СН» СН» 
4,4-dimethyl-2-pentyne 4,4-dimethyl-1-pentyne 3,3-dimethyl-1-pentyne 
tert-butylmethylacetylene tert-pentylacetylene 
CH;CH3 Ts 
СНзСН.СНС=ЕСН о ша: 
СН» 
3-ethyl-1-pentyne 3,4-dimethyl-1-pentyne 


b. There are 14 alkynes if stereoisomers are ignored. Four of the 14 alkynes have an asymmetric center, 
so each of these can have either the R or S configuration. Therefore, if stereoisomers are included, there 
would be 18 alkynes. 


„:Вг: 
СЕ 
:Вг: ‘Br 
EN 
CH3CH,CH,C==CCH — ава — 
HjÓ: 
ji ЈЕ | | 
CH4CH;CH,C—CH —> CH,CHCH.C—CH => CH,CH,CH,C— CH 
н-СОн | 
H,Ò: iix 
О 
= 1. В.ВН/ТНЕ || 
а. CH3;CH,CH,C=CH ————— CH3CH;CH;CH;CH 


2. HO, H202, H20 


1. RSBH/THF 
b. CH3CH;CH— CH; XI TETTE CH;CH,CH,CH,OH 
. » 112472, 122 
| 
Н,50 
=. СЊСЊСЊСЕСЊСЊСЊСНу 


с. СЊСЊСЊС == ССЊСЊСНза + ЊО 
This symmetrical alkyne will give the greatest yield of the desired ketone. 


Because the reactant is not a terminal alkyne, the reaction can take place without the mercuric ion 
catalyst. 
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38. 


39. 


40. 


41. 


42. 


а. 


а. 


b. 


с. 
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H,/Lindlar catalyst b. Ма, NH3(liq), —78°С — c. excess Н,, Pd/C 
Br Br 
CH;—CCH; d. BrCHCCH; 8. CH4CH;CH; j. СН:С== ССН›СН›СН; 
3 Я 

Вг О 
een е. сњеснњ, h. CH3CH-—CH? 

Br 
Br £n | 

с f. CH3CH;CH i. сњс=<С 
H H 
CH3CH — ССН; e. бй СЕН, i. по reaction 
Br 
Br 
God f. en cde j. no reaction 
Br 
Br JG 

С=С g. CH3;CH»CH2CH; 
сну ‘Br 

Propi сњ Св; 
CH4C — ССН; h. с=< 

a a H H 
]-octen-6-yne d. 5-chloro-1,3-cyclohexadiene 
cis-3-hexen-1-ol or (Z)-3-hexene-1-ol e. 1-methyl-1,3,5-cycloheptatriene 


1,5-octadiyne 


The molecular formula of the hydrocarbon is Сз›Н;. 
With one triple bond, two double bonds, and one ring, the degree of unsaturation is 5. 
Therefore, the compound is missing 10 hydrogens from СН, +: = C32H66- 
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Н 


H HSO, Ку "n 
43. а. 1.CH;CHC=CH — Е CH4CHCH = CH; Xo* снзсёнсн, — сена 
| indlar 2 
СН; catalyst СН» CH; CH; 
H20 
n 
си сонш 
CH; 
E 2 = 1. R, BH/THF 
2. ВОО nan СНЗСИСН=СН. нос сы ненин 
CH; catalyst CH; CH; 


b. 3-Methyl-2-butanol would be a minor product obtained from both 1 and 2. 
OH 


CH3CHCHCH; 


СН» 
3-methyl-2-butanol 


3-Methyl-2-butanol will be obtained from 1, because occasionally water will attack the secondary car- 
bocation before it has a chance to rearrange to the tertiary carbocation. 

3-Methyl-2-butanol will be obtained from 2, because in the second step of the synthesis, boron can 
also add to the other sp” carbon; it will be a minor product because the transition state for its formation 
is less stable than the transition state leading to the major product. Because a carbocation is not formed 
as an intermediate, a carbocation rearrangement cannot occur. 


(The proton cannot add to the other sp? carbon in the second step of part 1 because that would form a 
primary carbocation. Primary carbocations are so unstable that they can never be formed.) 


44. Three of the names are correct. 


a. 3-heptyne с. correct e. correct 
b. 5-methyl-3-heptyne d. 6,7-dimethyl-3-octyne f. correct 


45. Only c and e are keto-enol tautomers. Notice that an enol tautomer has an OH group bonded to an sp? 
carbon. The structures in d are not enol tautomers, because they do not have the oxygen on the same 


carbon. 
| 
НО, Њ5О 
46. а. HC=CH —————_ CH,=CHOH = CH;CH 
HgSO4 
enol 
b. 
нс=сн -A L сњењсесн 2 CH;CH,CH=CH, 82.  СЊСЊСНСЊВ 
= 2. CH3CH2Br = Lindlar genae 9 CHCl 3 2 291 
catalyst Br 
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48. 
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О 
_ 1. МаМн; = H20, Њ50, | 
с. НС==СН CHB НС== ССН; HgSO, CH3CCH; 
d. | 
нс=сн “№ 1. мамн, 


Ма 
2. CH3Br Ме РО CH;CH,Br О NH; (lig), -78°C SS 


m 1. NaNH, _ 1. мамн; а н, 
е НС=ЕСН 2CHBr HC=CCH; > CH,CHBr СНзС== ССН,СН;з "diag ZA 


catalyst 


f NE 1. NaNH; __ excess Нә “зы ч 
. HC=CH 2. CH,CH,CH,Br CH3CH2CH2C = CH Pac 


The first equilibrium lies to the right because HOOH (pK, = 11.6) is a stronger acid than ЊО 


(pK, = 15.7). 
The second equilibrium lies to the left because the alkyne (pK, = 25) is a weaker acid than HOOH 
(pK, = 11.6). 


a. (Z)-3,6-dimethyl-2-hepten-4-yne c. 4,4-dimethyl-1-nonen-6-yne-3-ol 


b. 5-tert-butyl-2-methyl-3-octyne d. 4-(2-methylbutyl)-7-heptyne-3-amine 


a. Syn addition of H, forms cis-2-butene; when Br, adds to cis-2-butene, the threo pair of enantiomers is 
formed. 


CH; CH; 
H Br Вг H CH, н H, Ch; 
or C=C + С=С з=н 
Вг H H Br Hy Ve вг7 СМ 
Вг 3 СН» Вг 
СН» CH; 


b. Reaction with sodium and liquid ammonia forms trans-2-butene; when Br» adds to trans-2-butene, а 
meso compound is formed. 


СН» 
СН» Н 
Н Вг а © Tu 
о " ENSE HH—M 
H ~“ ~ CH; 
H Br ка Br 
СН» 


с. Anti addition of Cl, forms trans-2,3-dichloro-2-butene; when Br, adds to trans-2,3-dichloro-2-butene, 
a meso compound is formed. 


СН» 
Cl Br з „С 
ог сс 
Cl Br ст“ N 
Br Br 
СН» 
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50. 


51. 


52. 
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a. нс=сн №. нс=< -TP нс=есњ, SNB, -c=ccu; 


CH3CH;CH;CH;CH;Br 


H3C CH CH2CH2CH2CH 
EN JE TESTS а н, 


ыы шш CH;CH»CH,CH,CH,»C=CCH; 
Lindlar catalyst 


мамну СНзСН,Вг NaNH; 


b HC=CH ——— HCzC —— HC=CCH,CH; "CECCH;CH; 
CH3CH;CH3Br 
сњењ н 
с=< „№ ^0 СЊСЊСЊСЕССЊСНа 
Á N NHs(liq), -78 °C 
H CH3CH;CH; 
| | о 

а CH3CH;CCH; b. CH3CH;CH;CCH; c. (> О d. ( У- d 

H,O О 


1. NaNH; 


а. HC=CH 71 CHCHCH;CHBE " CH3CH;CH;CH;C == СН 


#50, 


| 
 HeSO. - CH3CH;CH;CH5CCH; 


Н», 
Lindlar 
= 2 — catalyst HBr 
b. HC=CH Sena СНзСН2С=СН ———- CH3CH,CH=CH, ——-  CH;CH?CHCH; 
le Na, NH,(liq), | 
-78 °C Br 
с. 
Н», 
Lindlar H20 
= 1. NaNH; = catalyst #50, 
HC-CH —————— CH;3CH,CH,C=CH ——— СЊСЊСЊСН=<СЊ CH3CH;CH;CHCH; 
2. CH3CH;CH3Br ог | | 
Na, NH}(liq), 
-78 °C OH 


| 
= 1. RjBH/THF 
d. ( C--CH > НО“, H0; ЊО C + CHCH 
| О 
H20, Н;804 | 
е. С=ЕСН — Hg$O, ” C— СН; 
H H 
Н, \ / 
f. C=CCH; ——— C=C 
Lindlar \ 


catalyst СН» 
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53. The chemist can make 3-octyne by using 1-hexyne instead of 1-butyne. He would then need to use ethyl 
bromide (instead of butyl bromide) for the alkylation step: 


1, NaNH, 


CH3CH2CH2CH2C=CH 5 ci cH pr 


СНзСН›СН›СН›С = ССЊСНа 
Or he could make the 1-butyne he needed by alkylating ethyne: 
1. NaNH; 


НСЕЕСН -CHCH CH3;CH»C=CH 


54. a. Only one product is obtained from hydroboration-oxidation of 2-butyne because the alkyne is 
symmetrical. Two different products can be obtained from hydroboration-oxidation of 2-pentyne 
because the alkyne is not symmetrical. 


CH3C = ССН; CH3C=CCH»CH;3 
1. R,BH/THF 1. R3BH/THF 
2. HO; H207, Н;О 2. HO; H207, HO 
[| | | 
| 
CH4CH;CCH; CH4CCH;CH3CH, + CH;CH,CCH,CH; 
b. Only one product is obtained from hydroboration-oxidation of a symmetrical alkyne such as 3-hexyne 
or 4-octyne. 
CH3CH2C = ССЊСНз CH3CH;CH;C =CCH,CH2CH3 
3-hexyne 4-octyne 


55. a. The first step forms a trans alkene. Syn addition to a trans alkene forms the threo pair of enantiomers. 


CH;CH; СН2СНз 
Н р | D H СНзСН2 Кш М. CHaCH; 
or „C—C + С = Сен 
р H H D Hv i oe D, 
D 2-3 — CH3CH2 D 
CH,CH3 CH,CH3 


b. The first step forms a cis alkene. Syn addition to a cis alkene forms the erythro pair of enantiomers, but 
because each asymmetric carbon is bonded to the same four groups, the product is a meso compound. 


CH,CH; 
H D СНзСН» ae 
С— Сон 
Н“ N 
p Б Ку СН)СН» 
СН»›СН» 


Copyright © 2017 Pearson Education, Inc. 


256 Chapter 7 


56. If НО“ and HOOH аге added at the same time as ВН; (ог ВН), НО“ is a better nucleophile than the (t^ 
alkyne (no bonds have to be broken when НО“ reacts with the electrophile), so BH; (or RBH) will react 
with HO instead of with the alkyne. 
но- + BH; ===  HÓ—BH, 
57. a нс=сн №, нс=с ССВ не=есњењ №, -с=ссн›сн, 
ск) 
HCH 
CH;CH; CH;CH; H CH;CHs уын dis 
H OH HO H ВО. Зе 22 А ———— CH3CH;C == CCH5CH5 
+ НО / \ -78 °С 
H Br Br H CH;CH; H 
| СЊСН СЊСНз 
(35,4R)-4-bromo- (3R,AS)-A-bromo- 
3-hexanol 3-hexanol 
b нс==сн №, нс==с- B, нс==ссн,сн; М. -с=ссн›сн» 
SN 
CHCH; CHCH; ыл „сна ^^ 
Р Н M: 
HO нон он —= eae —— CH;CH,C=CCH,CH; 
H Br Вг H H H мы 
CHCH; CHCH; 
(3R,4R)-4-bromo- (35,45)-4-Бгото- 
3-hexanol 3-hexanol 
Because anti addition occurs in the last step, the threo enantiomers are formed. 
If Na/NH3(liq) / —78 °С is used instead of H5/Lindlar catalyst in the fifth step, the trans alkene will be 
formed. Reaction of Br, and H5O with the trans alkene will form the erythro enantiomers. 
58. (3E,6E)-3,7,11-trimethyl-1,3,6,10-dodecatetraene 
The configuration of the double bond at the 1-position and at the 10-position is not specified because 
isomers are not possible at those positions, because there are two hydrogens bonded to С-1 and two methyl 
groups bonded to C-11. 
~ 
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59. нс=сн LN — 1. NH - 
2cHcHp НС ССЊСНЗ = cH, СНС== ССНСН; 
Ма, NH3(liq) 
-78°C 
H CHCH; 
\ / 
И 
СНз Н 
|ксоон 
О О 
pac 9 
CH; “CHCH; — CH4CH7 CH; 


Cl. Cl Ў 
а! О 
j До. 
ђ ДА е Байы аб: ћ + 
27 * + а 
Cl Ó 
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Chapter 7 Practice Test 


What reagents can be used to convert the given starting material into the desired product? 


Draw the enol tautomer(s) of the following ketones: 


Draw the structure for each of the following: 


a. sec-butylisobutylacetylene b. 2-methyl-1,3-cyclohexadiene 


Indicate whether each of the following statements is true or false: 


a. A terminal alkyne is more stable than an internal alkyne. T F 
b. Propyne is more reactive than propene toward reaction with HBr. T F 
c. 1-Butyne is more acidic than 1-butene. T F 
4. An sp? carbon is more electronegative than an sp? carbon. T F 
e. The reactions of internal alkynes are more regioselective than the reactions of 

terminal alkynes. T F 
f. Alkenes are more reactive than alkynes. T F 


What is each compound's systematic name? 
a. сие оын b. TD И 
CH, CH; 


What alkyne is the best reagent to use for the synthesis of each of the following ketones? 


| | 
а. CH4CH;CH;CCH, b. CH,CH,CCH,CH,CH, 
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Rank the following compounds from most acidic to least acidic: 
NH3 CH3;C=CH CH3CH3 H20 CH3CH = СН» 
Give an example of a ketone that has two enol tautomers. 
Show how the target molecules can be prepared from the given starting materials. 
a. CH3CHC=Œ=CH  ———- (CH;CH2CH»CH2CH2CH3 


b. CH;CH,C=CH —— = СН3зСН›СНСН›СН›СНЗ3 
| 
О 

с. CH;CH,C=CH  ——- а СЕЗОНУН, 
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CHAPTER 8 


Delocalized Electrons: Their Effect on Stability, pK,, and the Products of a Reaction • Aromaticity and 
Electronic Effects: An Introduction to the Reactions of Benzene 


Important Terms 


1,2-addition 
(direct addition) 


1,4-addition 
(conjugate addition) 


aliphatic compound 
allene 

allylic carbon 

allylic cation 
antiaromatic compound 
antibonding molecular 
orbital 


antisymmetric molecular 
orbital 


aromatic compound 


benzylic carbon 

benzylic cation 

bonding molecular orbital 
bridged bicyclic compound 
common intermediate 


concerted reaction 


conjugate addition 


conjugated diene 


addition to the 1- and 2-positions of a conjugated system. 


addition to the 1- and 4-positions of a conjugated system. 


an organic compound that does not contain an aromatic ring. 

a compound with two adjacent double bonds. 

a carbon adjacent to an sp? carbon of a carbon-carbon double bond. 
a compound with a positive charge on an allylic carbon. 


a cyclic and planar compound with an uninterrupted cloud of т electrons contain- 
ing an even number of pairs of 7 electrons. 


the molecular orbital formed when out-of-phase orbitals interact. 
a molecular orbital that does not have a plane of symmetry but would have one if half 
of the MO is turned upside down. 


a cyclic and planar compound with an uninterrupted cloud of 7 electrons contain- 
ing ап odd number of pairs of лт electrons. 


a carbon, joined to other atoms by single bonds, that is bonded to a benzene ring. 
a compound with a positive charge on a benzylic carbon. 

the molecular orbital formed when in-phase orbitals overlap. 

a bicyclic compound in which the rings share two nonadjacent carbons. 

an intermediate that reaction pathways have in common. 


a reaction in which all the bond-making and breaking processes occur in a 
single step. 


addition to the 1- and 4-positions of a conjugated system. 


a compound with two conjugated double bonds. 
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conjugated double bonds 


contributing resonance 
structure 


cumulated double bonds 
cycloaddition reaction 


[4 + 2] cycloaddition 
reaction 


delocalization energy 
(resonance energy) 


delocalized electrons 


Diels—Alder reaction 
diene 
dienophile 


direct addition 
(1,2-addition) 


donation of electrons by 
resonance 


electron delocalization 


endo 


equilibrium control 
exo 
fused rings 


highest occupied 


molecular orbital (HOMO) 


heteroatom 


heterocyclic compound 
(heterocycle) 
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double bonds separated by one single bond. 


a structure with localized electrons that approximates the true structure of a 
compound with delocalized electrons. 


double bonds that are adjacent to one another. 


а reaction in which two т electron-containing reactants combine to form a single 
cyclic product. 


a cycloaddition reaction in which six 7 electrons participate in the transition state 
with four 7r electrons coming from one reactant and two 7 electrons coming from 


the other reactant. 


the extra stability associated with a compound as a result of having delocalized 
electrons. 


electrons that result from a p orbital overlapping the p orbitals of two adjacent 
atoms; therefore, delocalized electrons are shared by three or more atoms. 


а [4+2 ] cycloaddition reaction. 
a hydrocarbon with two double bonds. 
an alkene that reacts with a diene in a Diels-Alder reaction. 


addition to the 1- and 2-positions of a conjugated system. 


donation of electrons through т bonds. 


the sharing of electrons by more than two atoms. 


a substituent is endo if it and the bridge are on opposite sides of a bicyclic 
compound. 


thermodynamic control. 
a substituent is exo if it and the bridge are on the same side of a bicyclic compound. 
rings that share two adjacent carbons. 


the highest-energy molecular orbital that contains electrons. 


an atom other than carbon. 


a cyclic compound in which one or more of the atoms of the ring is a heteroatom. 
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Hiickel’s rule or 
the 4л + 2 гше 


isolated double bonds 


kinetic control 


kinetic product 


linear combination of 


molecular orbitals (LCAO) 


localized electrons 
lowest unoccupied 
molecular orbital 
(LUMO) 


pericyclic reaction 


phenyl group 


polyene 
polymer 
polymerization 
proximity effect 
resonance 


resonance contributor 
(resonance structure) 


resonance electron 
donation 


resonance electron 
withdrawal 


resonance energy 
(delocalization energy) 


(resonance stabilization 


energy) 


a rule that gives the number of т electrons a compound must have in its т cloud 
to be aromatic. 


double bonds separated from one another by more than one single bond. 


when a reaction is under kinetic control, the relative amounts of the products de- 
pend on the rates at which they are formed. 


the product that is formed the fastest. 


the combination of atomic orbitals to produce molecular orbitals. 


electrons that are restricted to a particular locality. 


the lowest-energy molecular orbital that does not contain electrons. 


a reaction that takes place in one step as a result of a cyclic reorganization of 
electrons. 


С = 


а compound that has several double bonds. 

a large molecule made by linking many small molecules together. 

the process of linking many small molecules to form a polymer. 

an effect caused by one species being close to another. 

electron delocalization. 

a structure with localized electrons that approximates the true structure of a 
compound with delocalized electrons. 

donation of electrons through т bonds. 


withdrawal of electrons through zr bonds. 


the extra stability a compound possesses as a result of having delocalized electrons. 
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resonance hybrid 


s-cis-conformation 


separated charges 


5-trans-conformation 


symmetric molecular orbital 


thermodynamic control 


thermodynamic product 


withdrawal of electrons 
by resonance 
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the actual structure of a compound with delocalized electrons; it is represented by 
two or more resonance contributors with localized electrons. 


the conformation in which two double bonds of a conjugated diene are on the same 
side of a connecting single bond. 


a positive and a negative charge that can be neutralized by the movement of 
electrons. 


the conformation in which two double bonds of a conjugated diene are on opposite 
sides of a connecting single bond. 


an orbital with a plane of symmetry so that one half is the mirror image of the 
other half. 


when a reaction is under thermodynamic control, the relative amounts of the 
products depend on their stabilities. 


the most stable product. 


withdrawal of electrons through т bonds. 
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Solutions to Problems 


1. a. 


с. 


1. If stereoisomers are not included, three different monosubstituted compounds are possible. 


BrC=CC=CCH,CH;3 HC CC=CCHCH НСЕЕССЕЕССН.СНОВг 


Вг 


If stereoisomers are included, four different monosubstituted compounds are possible, because 
the second listed compound has an asymmetric center so that it can have both the R and 5 
configuration. 


If stereoisomers are not included, two different monosubstituted compounds are possible. 
BrCH = CHC = CCH — CH, C= OC = CCH =CH, 
Br 


If stereoisomers are included, three different monosubstituted compounds are possible, because 
the first listed compound has a double bond that can have cis-trans isomers. 


. If stereoisomers аге not included, five different disubstituted compounds are possible. 


HC =CC=CCH,CHBr, HC=CC=CCBr,CH, HC=cc= CCHCH;Br 


Br 
ВгС== СС==ССН,СН,Вг ВгС == СС= БЕ 


Вг 


. If stereoisomers аге not included, буе different disubstituted compounds are possible. 


CH, = CC=CE=CH2 CH,=CHC= CE =CHBr CH,= сс=ссн ==СНВг 
Вг Вг Вг Вг 


СН,=СНС == ССН==СВг, ВІСН — CHC = ССН —CHBr 


. If stereoisomers аге included, seven different disubstituted compounds are possible, because two 


of the compounds have asymmetric centers so each can have either the R or S configuration. 


. If stereoisomers are included, nine different disubstituted compounds are possible, because the 


second and third compounds can have cis-trans isomers and the fifth compound can have cis-cis, 
trans-trans, and cis-trans isomers. (Note that cis-trans is the same as trans-cis.) 


2. Ladenburg benzene is a better proposal. It would form one monosubstituted compound and three disubsti- 
tuted compounds, in accordance with what early chemists knew about the structure of benzene. 


H Br Br Br H Br H Br 
H H H H 
H H H H H Br H H 
H H H Br 
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Dewar benzene is not in accordance with what early chemists knew about the structure of benzene, because 
it would form two monosubstituted compounds and six disubstituted compounds and it would undergo 
electrophilic addition reactions. 


Br Br Br 
Br Br 
Br 
Br | ‚Вг Вг | 
В 
. Br 


r 


а. 2, 4, and 5 have delocalized electrons. 


1, 3, 6, and 7 do not have delocalized electrons, because electrons cannot be moved to an 
sp? carbon. 


Lam + | + 
2. Снасн=<Н—СН==<СН— CH? CH3CH — CH—CH — CH=CH) 


N 4 


/ + 
CH3CH — CH— CH — CH=CH) 


4. ГҮ. ‚= 
- — « 
Уч) 
М М М М М 
Н Н Н Н Н 
О Qe 
^) A 


+ 
CH; CH, 


| 
a. CH,CH,C--CH, -— сн,сн,с=сн,» 


Less stable, because the positive charge is shared by two primary allylic carbons. 


+ 
CH,CH,CH-CHS-CH, -— cH,cH,ÉH— CH=CH, 


More stable, because the positive charge is shared by a primary allylic and a secondary allylic carbon. 
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O 07 
J | 
INTA dE E 


b. CH; 'CH—CH;-—- CH; '"CH—CH 


Less stable, because the positive charge is on a primary allylic carbon. 


О O^ 
|. | 
a \ АКМ 


+ 
CH, СН=СНСН, += CH, `CH— СНСН; 
More stable, because the positive charge is on a secondary allylic carbon. 
v 
СНзСН— CH=CH, 
Less stable, because the negative charge is not delocalized. 
су A Ts 
CH4C—CHCH, -—- CH3C—CHCH; 


More stable, because the negative charge is delocalized. 


*OH OH 
C7 АЧ 


.. + 
cH/ "NH,-—- CHS “МН, 


Less stable, because the positive charge is shared by an О and an М. 


*NH5 NH2 
PE / да 


cH/ “н, == сн; “МН, 


Моге stable, because the positive charge is shared by two nitrogens. Nitrogen is less electronegative 
than oxygen, so nitrogen is more comfortable with a positive charge. 


5. Solved in the text. 


6. The resonance contributor that makes the greatest contribution to the hybrid is labeled A. 
B contributes less to the hybrid than A, and C contributes less to the hybrid than B. 


o- 
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A is more stable than B because B has 
separated charges and has a positive 
charge on an oxygen. 


14. 


15. 


16. 


17. 
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b. Because nitrogen is less electronegative than oxygen, it shares the positive charge better. 


$e t se + + 
CHO CH, -— CH;O=CH, CH|NHS-CH, -—- CH;NH=CH, 
more stable 


с. In order for electron delocalization to occur, the atoms that share the т electrons must be in the same 
plane so that their p orbitals can overlap. The two bulky tert-butyl groups do not allow enough room 
for the group with the positively charged carbon to be in the same plane as the benzene ring. Therefore, 
the carbocation cannot be stabilized by electron delocalization because the p orbital of the positively 
charged carbon cannot overlap the p orbitals of the benzene ring since they are not in the same plane. 


x CH 


more stable 


The уз molecular orbital of 1,3-butadiene has three nodes (two vertical and one horizontal). 


The у. molecular orbital of 1,3-butadiene has four nodes (three vertical and one horizontal). 


а. {апа p, are bonding molecular orbitals, and фз and ij, are antibonding molecular orbitals. 

b. y,and уз are symmetric molecular orbitals, and фо and уд are antisymmetric molecular orbitals. 
с. 1215 the HOMO and y is ће LUMO in the ground state. 

d. у; is the HOMO and y, is the LUMO in the excited state. 

e. If the HOMO is symmetric, the LUMO is antisymmetric and vice versa. 


The MO of benzene is more stable because it has six bonding interactions, whereas the MO of 1,3,5-hexatriene 
has five bonding interactions. 


In each case, the compound shown is the stronger acid because the negative charge that results when it loses 
a proton can be delocalized. Electron delocalization stabilizes the base, and the more stable the base, the 
more acidic its conjugate acid. Electron delocalization is not possible for the other compound in each pair. 
О О од 
|| || | 
С ч 
сн/ “он cHí ^o сн{ “о 


CH4CHCH —NH, 
CH3CHCH = О 


+ 
b. CH,CH=CHNH, — Н? + CH4CH—CHNH; 
с. CH;CH=CHOH — H* + СЊСН = СНО" 
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18. 


19. 


20. 


21. 


22. 


Chapter 8 


a. Ethylamine is a stronger base because when the lone pair on the nitrogen in aniline is protonated, it can 
no longer be delocalized into the benzene ring. Therefore, aniline is less apt to share its electrons with 
a proton. 

b. Ethoxide ion is a stronger base because a negatively charged oxygen is a stronger base than a neutral 
nitrogen. 

c. Ethoxide ion is a stronger base because when the phenolate ion is protonated, the pair of electrons that 
is protonated can no longer be delocalized into the benzene ring. Therefore, the phenolate ion is less 
apt to share its electrons with a proton. 

d. The phenolate ion is the stronger base because its conjugate acid is a weaker acid than the conjugate 
acid of acetic acid. 


The carboxylic acid is the most acidic because its conjugate base has greater delocalization energy than 
does the conjugate base of phenol. The alcohol is the least acidic because, unlike the negative charge on the 
conjugate base of phenol, the negative charge on the conjugate base of the alcohol cannot be delocalized. 


О 
|| 
(УЕ > = > ( у-н 


donates electrons by resonance and withdraws electrons inductively 
donates electrons by hyperconjugation 

withdraws electrons by resonance and withdraws electrons inductively 
donates electrons by resonance and withdraws electrons inductively 
donates electrons by resonance and withdraws electrons inductively 
withdraws electrons inductively 


Rosm 


~ Ф 


For a and b, the closer the electron-withdrawing substituent is to the COOH group, the stronger the acid. 


a. CICH,COOH с. СООН е. НСООН 


A hydrogen is electron- 
withdrawing compared 
to a methyl group, because 
a methyl group can donate 


CH4C—O electrons by hyperconjugation. 
b. O,NCH,COOH а. H,NCH,COOH f. COOH 
Ci 


Solved in the text. 
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24. 


25. 
26. 


27. 
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When para-nitrophenol loses a proton, Фе negative charge in the conjugate base can be delocalized onto 
the nitro substituent. Therefore, the para-nitro substituent decreases the pK, both by resonance electron 
withdrawal and by inductive electron withdrawal. 


OH :0: 
—— + М 
Nw Nx 
-07 + So ^o^ + Po 


When meta-nitrophenol loses a proton, the negative charge in the conjugate base cannot be delocalized 
onto the nitro substituent. Therefore, the meta-nitro substituent can decrease the pK, only by inductive 
electron withdrawal. Therefore, the para isomer has a lower pK. 


OH :0: 
+ HÝ 
О О 
ZA P 
N^ N І 
О О” 


Recall that if a more stable carbocation сап be formed as a result of carbocation rearrngement, rearrange- 


ment will occur. 
А л 
ЕТЕ НВг CH,CHCH; CHCH,CH; 


secondary carbocation secondary benzylic cation 


| Вг 
(Уно, 


Вг 


1,2-ћудпде 


Solved in the text. 


The resonance contributors show that one of the atoms has a partial negative charge. Therefore, that is the 
atom that is more apt to be protonated. 


site of protonation — 


a. The more reactive double bond is the one that forms a tertiary carbocation. 


CH; CH; 


| | 
CH, = СНСН›СН›СН;С — CH, сн„= Е — СН; 
‘Br Br 
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Instead of Вг being the nucleophile that adds to the tertiary carbon, the 7r bond can be the nucleophile. 
In that case, a stable six-membered ring is formed. (See the Problem-Solving Strategy on page 257 of 
the text.) This is expected to be a minor product because, unlike the aboye reaction of the carbocation with 
Br , bond breaking is required to form the product. 


CH; СНз СНз CH; 
CH; CH; СН» 
шелш, = ОНА, = — + 
se OF : 
Вг) Вг Вг 


b. The double bond is more reactive than the triple bond. The reaction forms а new asymmetric center, so 
a pair of enantiomers is formed. 


СН»С1 CH;CI 
| | 
Log - HV 
HC=CCH,CH> Ys cit CH,CH,C=CH 
5 R 


It is unlikely that the triple bond will act as a nucleophile, because it would have to form an unstable 
vinylic cation intermediate. 


са CH;CI 
YN — 
HC= CCH,CH,CH— CH, 

p. 


T 


с. The more reactive double bond is the one that forms a tertiary carbocation. 
CH; 
Cl 


а. CH,CH=CH—CH=CHCH, 


| 


+ 
сіу cl 


И 


| 
CH;CH— CH--CH=CHCH; -—- CH;CH—CH=CH—CHCH, 


[er | | | 


СІ СІ СІ СІ 
| | | | | 
CH3CHCHCH — CHCH; t CH3CHCH = CHCHCH3 
1,2-addition product 1,4-addition product 
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Вг Вг 
b. CH3CH;C— C=CHCH3 + cnius nen: 
СН» o СНз СНз 
1,2-ада поп product 1,4-addition product 
Br 
с. + ЕҢ” 
Вг Вг Вг 
1,2-addition product 1,4-addition product 


d. CY 


29. The indicated double bond is the most reactive in an electrophilic addition reaction with HBr because addi- 
tion of an electrophile to this double bond forms the most stable carbocation (a tertiary allylic cation). 


Su 
30. first reaction: CH, —CH—CH—CH, CH, —CH=CH— CH 
Cl Cl Cl Cl 
This compound has an asymmetric center, This compound has a double bond, 
so both the R and S stereoisomers so both the E and Z stereoisomers 
will be obtained. (Note that E and Z will be obtained. 
stereoisomers are not possbile for 
the double bond.) 
second reaction: CH,CH—CH—CH, CH,CH—cu—cH, 
Br Br 
This compound has an asymmetric center, This compound has a double bond, 
so both the R and S stereoisomers so both the E and Z stereoisomers 
will be obtained. (Note that E and Z will be obtained. 
stereoisomers are not possbile for 
the double bond.) 
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31.  cH,—cH—cH—cH—cH-cHg, НВ! 


СНз— TIT CH=CH— CH=CH, 
Br 


CH3— CH=CH— cH CH=CH, 
Br 


СНз— CH=CH — CH=CH — Ta 
Br 


32. a. The chlorine adds so that the positive charge in the resonance contributor is on a secondary allylic 
carbon. (If the chlorine had added to the other double bond, the positive charge would be on a primary 


allylic carbon.) 
T 
| ~ 
+ 
снусн=сн—с==сн; h, снусн==сн^-е—ён, —- CHsCH—CH=C— сњо 
CH; CH; CH; 
E Cr 
a 
сн,сн==сн—с—Сн;С! снусн—сн==с—Сн;С 
CH; CI CH; 


b. The proton adds so that the positive charge in the carbocation is shared by a tertiary allylic and a sec- 
ondary allylic carbon. (If the proton had added to the other double bond, the positive charge would be 
shared by two secondary allylic carbons.) 


* + 
снусн==сн—с==снсн; НВг сњен cg - 6 cic -—- CH;CH—CH=C—CH,CH; 


CH; CH; CH; 
Br Вг 
Вг 
CH3CH — CH E — CH;?CH5 CH3CH — CH — C— CH;CH5 
н, А lu, 


33. a. Addition at C-1 forms the more stable carbocation because the positive charge is shared by two sec- 
ondary allylic carbons. If the deuterium had added to C-4, the positive charge would be shared by a 
secondary allylic and a primary allylic carbon. 


b. DCI was used to cause the 1,2- and 1,4-products to be different. If HCl had been used, the 1,2- and 
1,4-products would be the same. 
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35. 


36. 


37 
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She should follow her friend's advice. If she uses 2-methyl-1,3-cyclohexadiene, the fastest formed prod- 
uct will be 3-chloro-3-methylcyclohexene, both if the proximity effect controls which product is formed 
faster and if the more stable transition state controls which product is formed faster, because this product 
is formed through a transition state in which the positive charge is primarily on a tertiary allylic carbon. 
Therefore, the experiment will not be able to establish which of the two effects controls which product is 
formed faster. 


Cl 


CH; 
СУ НСІ Cw 


3-chloro-3-methylcyclohexene 


If she follows her friend's advice and uses 1-methyl-1,3-cyclohexadiene, the faster-formed product will be 
3-chloro-1-methylcyclohexene only if the proximity effect controls which product is formed faster. The 
product will be 3-chloro-3-methylcyclohexene if the more stable transition state controls which product is 
formed faster, because only this product is formed through a transition state in which the positive charge is 
primarily on a tertiary allylic carbon. 


3-chloro-1-methylcyclohexene 3-chloro-3-methylcyclohexene 


a. The rate-determining step is formation of the carbocation. 


b. The product-determining step is reaction of the carbocation with the nucleophile. 


Solved in the text. 


a. CH3 СІ СН» 
НС! СН» + 
Cl 


kinetic product 


thermodynamic product 


b СН ==СНСН; CH —CHCH; CH CHCHs 
C UN се". С 
kinetic product thermodynamic product 


Notice that the 1,2-product is always the kinetic product. 
The thermodynamic product is the product with the most highly substituted double bond. 
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38. Cl 


Cl 
= e 
+ 


kinetic product 
thermodynamic product 


The first compound is the kinetic product because it is the 1,2-product. 
The first compound is the thermodynamic product because it is more stable since the double bond is conju- 
gated with the benzene ring. 


| О 
39. а сн, с. НС 
О 
О О 
НС CH; О 
ce 
b. Y d. 
H3C CH; О 


40. First draw the resonance contributors to determine where the charges are on the reactants. The major ргод- 
uct is obtained by joining the negatively charged carbon of the diene with the positively charged carbon of 
the dienophile. 


CHO. 
“diene | 
t o d СНО 
Tx 
* Because the reaction creates an 
ү" 
O 


0 ‘dicnophile hil Na asymmetric center, the product 
H а will be a racemic mixture. 
cll 

О = 


Copyright © 2017 Pearson Education, Inc. 


41. 


Chapter 8 277 


The resonance contributors show that if the electron-donating substituent is at the end of the conjugated 
system, it and the electron-withdrawing substituent of the dienophile will be adjacent to one another in the 


major product of the Diels—Alder reaction. 
OCH; | 


С 


If the electron-donating substituent is not at the end of the conjugated system, it and Ше electron- 
withdrawing substituent of the dienophile will be opposite each other in the major product of the Diels— 


Alder reaction. 


CH; 
N N 
# # 
42. a. С С b. С CH; С 
+ + 
CH 


43. A and C will not react, because they are both locked in an s-trans conformation. 
D and E will react, because they are both locked in an s-cis conformation. 


B and F will react, because they can rotate into an s-cis conformation. 


44. а. о Ь. о 
/ АЛА / A N 
c CH3 i CH; 
| 7 0 7 № 


CH; CH; 


45. Solved in the text. 


46. a. It is not optically active, because it is a meso compound. 
(It has two asymmetric centers and a plane of symmetry.) 


СС 
а 
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47. 


48. 


49. 


50. 


Chapter 8 


b. It is not optically active, because it is a racemic mixture. 
(Identical amounts of the enantiomers will be obtained.) 


Cl CI 
X i 
Ko Cr - 


N | | 
H с2 СОСН; 
а + | с. + | е + || 
9 
a С 
H^ ^H H^ "cH 
COCH; | 
| О 
O 
O 


SS 


A 

A 
O= 

| \ 

— / 
x 


None are aromatic. 
c is not aromatic, because it has two pairs of 7 electrons. 


a, b, d, and e are not aromatic, because each compound has two pairs of 7 electrons and every atom in the 
ring does not have a p orbital. 


f is not aromatic, because it is not cyclic. 


а. Inthe case of 9 pairs of 7 electrons, there are 18 electrons. Therefore, 4n + 2 = 18 where n = 4. 


b. Because it has an odd number of pairs of electrons, it will be aromatic if it is cyclic and planar and if 
every atom in the ring has a p orbital. 


a. VV This is the only one that is aromatic; it is cyclic, it is planar, every ring atom has a p 
И orbital, and it has one pair of т electrons. 


The first compound is not aromatic, because one of the atoms is sp? hybridized and, there- 
fore, does not have a p orbital. 


The third compound is not aromatic, because it has two pairs of т electrons. 
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b. This is the only one that is aromatic; it is cyclic, it is planar, every ring atom has a p orbital, 
and it has three pairs of 7 electrons. 


The first compound is not aromatic, because one of the atoms is sp? hybridized and, there- 
fore, does not have a p orbital. 


The third compound is not aromatic, because it has four pairs of лт electrons. 
51. Solved in the text. 
52. a. Cyclopentadiene has a lower pK, value. That is, it is a stronger acid. When cyclopentadiene loses a 


proton, a relatively stable aromatic compound is formed. When cycloheptatriene loses a proton, an 
unstable antiaromatic compound is formed (Section 8.19). Recall that the more stable the base, the 


stronger its conjugate acid. 
= 5, + H* 
H 


aromatic 


) + H* 
H 


antiaromatic 


| 


H H 
H H 
b. Cyclopropane has a lower pK, value because a very unstable antiaromatic compound is formed when 


cyclopropene loses a proton. 


= + Ht 
H H H 
/ = В + Ht 
H H H 
antiaromatic 
53. 3-Bromocyclopropene is more soluble in water because it is more apt to ionize since an aromatic com- 


pound is formed when its carbon-bromine bond breaks. 


7 7 + Вг 
+ 
Вг 


| 


агота с 
> y + Вг 
+ 
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54. а. In fulvene, the electrons in the exocyclic double bond (а double bond attached to a ring) move toward аш 
the five-membered ring, because that results in a resonance contributor that is aromatic. Moving the 
electrons in the other direction would result in a resonance contributor with an antiaromatic ring. 


—+ 
> СН» C= CH, 


fulvene 
b. In calicene, the electrons in the double bond between the two rings move toward the five-membered 
ring, because that results in a resonance contributor with two aromatic rings. 


Ox — OX 


calicene 


55. The Frost circles show that species with completely filled bonding MOs and with electrons in no other 
orbitals are aromatic (for example, the cycloheptatrienyl cation and the cyclopropenyl cation). 


cycloheptatrienyl cation cyclopropenyl cation 


The species with unpaired electrons in degenerate MOs is antiaromatic (the cycloheptatrienyl anion). 


O d 


cycloheptatrienyl anion 


С» С" с. 


56. а. CH,CH,NH, b. {_)—сн=йснсн, с. CH,CH,C=N: 


2 
57. Фе Cx e YS ct 
КЕ) М ел ЧЕ sp? SN Ny sp? SN 
) 


58. Solved in the text. 
59. The lone-pair electrons on both nitrogens in the second compound are sp? electrons; therefore, they are not 
part of the 7 cloud and can be protonated without destroying the compound's aromaticity. 


The lone-pair electrons on the nitrogen in the first compound are т electrons and are part of the т cloud. m 
If these 7r electrons are protonated, they will no longer be part of the т cloud (they cannot be delocalized) | 
and the compounds will not be aromatic. 
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63. 
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a. The nitrogen atom (the atom at the bottom of the epm) in pyrrole has a partial positive charge because 
it donates electrons by resonance into the ring. 

b. The nitrogen atom (the atom at the bottom of the epm) in pyridine cannot donate electrons by reso- 
nance; it withdraws electrons from the ring inductively because it is the most electronegative atom in 
the molecule. Thus, this nitrogen is electron-rich. 

с. The relatively electronegative nitrogen atom in pyridine withdraws electrons from the ring. 

A, B, C, Е, Е, L, М, N, O 

a and b. 

AN + 7 + owe 
1. CH;—N-N: CH;—N-N: 
More stable, because the 
negative charge is on nitrogen 
rather than on carbon. 
AX а d. d. 
2. :NÆN— О: :М=М==0: 
More stable because the 
negative charge is on oxygen 
rather than on nitrogen 
(oxygen is more electronegative). 
MAREA "-— 
3. :0—N-—O: :0—N—O: 


Both are equally stable. 


In each case, the proton adds to the sp? carbon that results in formation of a tertiary carbocation. 


а. 


а. 


CH ==СН, 
r li Oe 


УЉУ О —— б ы RLS 
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65. Draw the resonance contributors. Then have the Cl pointing up in all the products, with the OH pointing 
up in one product and down in the other. Notice that the products in row 4 are the mirror images of the 
products in row 1 and that the products in row 3 are the mirror images of the products in row 2. (The same 
products would be obtained if the С] pointed down in all the products with the OH pointing up in one struc- 
ture and down in the other.) 


Cl Cl Cl 
HO” + 
+ OH “OH 
Cl Cl Cl 
HOT + 
+ $ 
НО НО 
+ Cl HO Cl НО,,, СІ 
НО + 
OH OH 
+ Е 
Cl Cl Cl 
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66. а. different compounds d. resonance contributors 
b. different compounds е. different compounds 
с. resonance contributors 


Notice that in the structures that are different compounds, both atoms and electrons have changed their 
locations. In the structures that are resonance contributors, only the electrons have moved. 


67. a. There are six linear dienes with molecular formula С,Н о. 


b. Two are conjugated dienes. CH,—CHCH =CHCH,CH, 
CH,CH=CHCH —CHCH, 


c. Two are isolated dienes. CH, =CHCH,CH —CHCH, 
CH,—CHCH;CH,CH = CH, 
d. Two are cumulated dienes. CH,—C--CHCH;,CH,CH, 
CH,CH=C= СНСЊСН, 
68. а 1. сњен=сн- бен, CH4CH—CH —ÓCH; 


major minor 


Я т СЊМЊ oon 


The two resonance contributors have the same stability and, therefore, contribute equally to the 
resonance hybrid. 


major minor minor minor major 
+ Vo + „о 
4 Sa A ==. CH3— М 
OF О 
The two resonance contributors have the same stability and, therefore, contribute equally to the hybrid. 
5. CH;CH 9 И H " 
= 3 | ху —E CIGCHÆEN es -—- CHjCH— S 
minor О: minor O major О 


+ + 
6. бири д Ки, -——- CH,CH—CH=CH, 
minor major 
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3-86-80 


The five contributors are equally stable and, therefore, contribute equally to the resonance hybrid. 


O O 
pU | 
i ———— — a 
po NL И + 
8. CH,CH, ОСН,СН; CH;CH; OCH,CH; 
major minor 
/ N + + 
9. CH3CH=CH— CH =CH— СН,» CH3CH — CH — CH— CH=CH, 
minor major 
(the positive charge is on (the positive charge is on 
a primary allylic carbon) a secondary allylic carbon) 


я 
CH3CH —CH — CH — СН —CH; 
major (the positive charge is on 
a secondary allylic carbon) 


10. || => ta 


АС Mc € C 
—** N 
Сн/ СН,СН; CHÍ CH;CH; 
minor major 


The major contributor has a negative charge on oxygen, which is more stable than a contributor with a 
negative charge on carbon. 


== SN = 
11. cH cH - CÉN = CH;CH=C=N: 
minor major 
12. Ss V t + + 
A (% ОСНз C OCH; ОСН; 5 OCH; OCH; 
a > 
ua CN с 
major minor minor minor major 
13. O O 
SI | 
СУ] es C 
Ne ^^ + 
H NHCH; H NHCH; 
TEJO minor 
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14. О О О" 

|| S | 

C б TZ A 

\_ ~ NT a“ 
н 'сн=сн—Сн,; H^ `@н-сн=сн, н” `сн—сн=сн, 
minor minor major 

The major contributor has a negative charge on oxygen, which is more stable than a contributor with a 
negative charge on carbon. 


15. Notice that the electrons on the center carbon can be delocalized onto both of the carbonyl oxygens. 


r^ d E 
C C C C 
ÁN М 
CH; Ссн СН» CH сн” “ен, 
тіпог тајог 
О О О J 
| | 
<> 
Л 
CHÍ `сн^ "cu, CHÍ cu^ “ен, 
тајог 


b. 2, 4, and 7 have resonance contributors that all contribute equally to the hybrid. 


69. a. У b. CY c. ( d. || 


It is aromatic. It is aromatic. It is aromatic. It is not antiaromatic. 


70. Both compounds form the same product when they are hydrogenated, so the difference in the heats of hy- 
drogenation depend only on the difference in the stabilities of the reactants. Because 1,2-pentadiene has 
cumulated double bonds and 1,4-pentadiene has isolated double bonds, 1,2-pentadiene is less stable and, 
therefore, has a greater heat of hydrogenation (a more negative ДН). 


H 
CH, = C==CHCH,CH; B CH;CH,CH,CH,CH; 
1,2-pentadiene 
Hy 
СН, = CHCH,CH= CH; Fae СН»СН»СН»СН»СН» 


1,4-pentadiene 
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71. 


72. 


73. 


Chapter 8 
+ 
а. CH3;CHCH= CH; b © This makes the greater С. CH; This makes the greater 
This makes the greater contribution because the е contribution because the 
contribution because the negative charge is on an positive charge is on 
positive charge is on a oxygen. a tertiary allylic carbon. 
secondary allylic carbon. 
+ 
9. CHCH;CH; This makes the greater 
contribution because a 
secondary benzylic cation 
is more stable than a 


secondary alkyl cation. 


оу О 


a. The resonance contributors show that the carbonyl oxygen has the greater electron density. 


carbonyl oxygen——> су О 
|| | 
С „7 -«———— C 
ГА] / NN + 
сна `бсн, СН» оси» 


b. The compound оп the right has the greater electron density on its nitrogen, because the compound 
on the left has a resonance contributor with a positive charge on the nitrogen as a result of electron 


delocalization. 


N N+ N 
H H H 


с. The compound with the cyclohexane ring has the greater electron density on its oxygen, because the 
lone pair on the nitrogen can be delocalized only onto the oxygen. 


| 
Nc C 
e^ © —UI +7 N 
N^ -CH 
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There is less delocalization onto oxygen by the lone pair in the compound with the benzene ring (path а) 
because the lone pair can also be delocalized away from the oxygen into the benzene ring (path b). 


a За 


ус, С 
D pä ( "cu, 


Remember that an sp? nitrogen is more electronegative than an sp? nitrogen, and the more electronegative 
the atom to which a hydrogen is attached, the stronger the acid. The stronger the acid, the weaker its conju- 
gate base. 


z: H 
Мн, id | om [ | ~ 
u. 
This is the strongest base The lone pair is localized and the These are weak bases because 
because the lone pair is nitrogen is sp? hybridized, which the lone-pair electrons are 
localized and the nitrogen is sp? is not as strong a base as an sp? delocalized. 
hybridized. hybridized nitrogen. 


The methyl group on benzene can lose a proton easier than the methyl group on cyclohexane because the 
electrons left behind on the carbon in the former can be delocalized into the benzene ring. In contrast, the 
electrons left behind in the other compound cannot be delocalized. 


CER, ВЕ 


The triphenylmethyl carbocation is stable because the positive charge is shared by 10 carbons (the central 
carbon and three carbons of each of the three benzene rings) as a result of electron delocalization. 
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O O 
77. а СН;СН,О Z CH4CH;O 
+ — 
Su 
O O 
О 
= 9,9 
+ — 
р. О 
CH4O CH4O 
О 


78. a. The structure shown below is the stronger acid because it has the weaker conjugate base. When this 
compound loses a proton, the electrons left behind can be delocalized onto six different carbons. The 
electrons left behind on the conjugate base of the other compound can be delocalized onto only three 
different carbons; they cannot be delocalized into the second benzene ring. 


| OH 


b. 1. The first compound has the greater electron density on its oxygen because the resonance contribu- 
tor with a negative charge on oxygen is particulalry stable since it is aromatic. 


О = 


aromatic 


2. The first compound has the greater electron density on its oxygen because the resonance contribu- 
tor with a negative charge on oxygen is particularly stable since it is is aromatic. 


О О 
J Еч 


Ce 


aromatic 


79. The first carbocation is the most stable because its positive charge сап be shared by two other carbons; the 
positive charge on the next carbocation can be shared by one other carbon; the positive charge on the base 
on the right cannot be shared by other carbons. 
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О 
|| 
исх - | . 
а. СН» О The negative charge is shared by two oxygens. 
О 
|| 
^. ^C. . . 
b. СН.СН.СН CH, The negative charge is shared by a carbon and an oxygen. 
O О 
|| || 
ZN с . . 
с. CH; CH CH, The negative charge is shared by a carbon and two oxygens. 
О 
д. м: The negative charge is shared by a nitrogen and two oxygens. 
О 


The stronger base is the less stable base of each pair in Problem 80. 


О 
| 
"d C. - А А 
а. СН; CH,O Less stable because the negative charge cannot be delocalized. 
О 
d 
b. сњенснх “сн, Less stable because the negative charge cannot be delocalized. 
O O 
|| || 
a EN A CL А . 
c. CH; `СНСН; CH, Less stable because the negative charge can be delocalized onto only one 
oxygen. 
О 
д. М: Less stable because the negative charge сап be delocalized onto only опе 
oxygen. 


The resonance contributor shown here indicates which nitrogen is most apt to be protonated (the one with 
the greatest negative charge) and which nitrogen is least apt to be protonated (the one with the greatest 
positive charge). 


most apt to be 


(= 
Ср — ty 


\ least apt to be 
protonated 
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84. 


85. 


86. 


87. 


Chapter 8 


The following compound is the strongest acid, because it is the only one that forms a conjugate base that is 
aromatic. Recall that the more stable (weaker) the base, the stronger is its conjugate acid. 


а - 
о > 


aromatic 


The resonance contributors of pyrrole are more stable because the positive charge is on nitrogen. In furan, 
the positive charge is on oxygen, which, being more electronegative, is less stable with a positive charge. 


| m 4S >. P M. 
; Å ^i i 
4$ = * 2; 


А is the most acidic because the electrons left behind when the proton is removed сап be delocalized onto 
two oxygens. 


B is the next most acidic because the electrons left behind when the proton is removed can be delocalized 
onto one oxygen. 


C is the least acidic because the electrons left behind when the proton is removed cannot be delocalized. 


О О О О О О 
PL. RIA О 
E > 
CH; "CH, CH; сн NCH,CH; “ен, сну `сн,сн,сн; “CH, 


| | | 


А В С 


а. It has eight molecular orbitals. 

b. d, 4, уз, and у. are bonding molecular orbitals; Ys, We, фт, and уз are antibonding molecular 
orbitals. 

с. 41, 3, Џо and у are symmetric molecular orbitals; Y2, Y4, We, and фз are antisymmetric molecular 
orbitals. 

d. 44 15 the HOMO апа у; is the LUMO in the ground state. 

e. 45 is the HOMO and yg is the LUMO in the excited state. 

f. Ifthe HOMO is symmetric, the LUMO is antisymmetric and vice versa. 

2. It has seven nodes between the nuclei. It also has one node that passes through the nuclei. 


O 
2 А 1.03, -78 °C CPG 
~ 2. (СН — Ü 
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The reaction of 1,3-cyclohexadiene with Br, forms 3,4-dibromocyclohexene as the 1,2-addition product 
and 3,6-dibromocyclohexene as the 1,4-addition product. The reaction of 1,3-cyclohexadiene with HBr 
forms only 3-bromocyclohexene, so it is both the 1,2-addition product and the 1,4-addition product. 


Br 
Br 
Вг, 
3,4-dibromocyclohexene 
© 1,2-addition product 


1,3-cyclohexadiene 


чё. g 


3-bromocyclohexene 
1,2-addition product 
1,4-addition product 


Br 
t 
Br 
3,6-dibromocyclohexene 
1,4-addition product 


a. Only part a involves the reaction of two unsymmetrically substituted reactants. Therefore, only for 
part a do we need to look at the charge distribution in the reactants to determine the major product of 


the reaction. 


Su. 9 


We now need to join the negative end of the diene and the positive end of the dienophile. 


AZ Te 
= CHCCH 
И“ | 3 


b. С \ снсосв 
+ 


СОСН; 
| ——+ 
СН, | 
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г. = Р ойе ү? 


~ к CHCCH, 9 =—— 
RU 
О 


со – СО 


90. Numbering the carbons in ће conjugated system will help you determine the 1,2- and 1,4-addition products. 


OH 
4 
1. ° о 
а. 1. + Bro 2 
1 
Вг 
CH3 Br. CH; 
or 
CH, Br. „СН; 
CH; CH; 
Quem 
CH; HO CH; 
or 
CH; CH; 


H2SO 
CH; HO CH; 
CH; HO, CH; 
b. 1. 2. 3. 
HO 


Br Br СН» 
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CH,—cHCH—CHCH—CH, НВ", CH,CHCH=CHCH=CH, + 


1,3,5-hexatriene Br A 


CH43CH—CHCHCH-CH; + CH;CH=CHCH=CHCH,Br 
В Br С 


A will predominate if the reaction is under kinetic control because it is the 1,2-product and, there- 
fore, is the product formed most rapidly as a result of the proximity effect. Notice that A will be the 
1,2-product regardless of which end of the conjugated system reacts with the electrophile. 

C will predominate if the reaction is under thermodynamic control because it is the most stable diene. 
(It is the most substituted conjugated diene.) 


The diene is the nucleophile, and the dienophile is the electrophile in a Diels—Alder reaction. 


a. 


b. 


An electron-donating substituent in the diene will increase the rate of the reaction, because electron 
donation increases its nucleophilicity. 


An electron-donating substituent in the dienophile will decrease the rate of the reaction, because elec- 
tron donation decreases its electrophilicity. 


An electron-withdrawing substituent in the diene will decrease the rate of the reaction, because elec- 
tron withdrawal decreases its nucleophilicity. 


Addition of an electrophile to C-1 forms a carbocation with two resonance contributors, a tertiary 
allylic cation and a secondary allylic cation. Addition of an electrophile to C-4 forms a carbocation 
with two resonance contributors, a tertiary allylic cation and a primary allylic cation. Therefore, 
addition to C-1 results in formation of the more stable carbocation intermediate, and the more stable 
intermediate leads to the major products. 


CH3 СН» СН» 
== ET HCI + Е БЕЛ + 
сн„= ү C—CHCH; —- = —C+=CHCH; -—- к =C— CHCH, 
СН» СН» СН» 
| cr | Cr 
Cl CH; CH; 
uc EE. E RE ны 
CH; СН» Cl 
kinetic product thermodynamic product 
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b. Addition of ап electrophile to C-1 forms a carbocation with two resonance contributors; both аге 
tertiary allylic cations. Addition of an electrophile to C-4 forms a carbocation with two resonance 
contributors, a secondary allylic cation and a primary allylic cation. Therefore, addition to С-1 results 
in formation of the more stable carbocation. Only one product is formed, because the carbocation is 


symmetrical. 
CH; CH; CH; 


| + 
сњ=<е—сн=<сњ “+ CHCCH=CCH, ——- снс==снесн, 


CH; CH; CH; 
CI . 
а CH; 
сњесн= ССН» 


CH; 


This is the only product because 
the carbocation is symmetrical. 


94. a and d. 


Free energy 


= 


Progress of the reaction 


M M _ + 
b OH OH OH x OH OH 
1086066060669! 
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95. 


Ргее епегру 


а. 


е. 


f. 


c. 


e. 


Qd 
ба 
Ф; 
g- 
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The 2nd, 3rd, and 4th resonance contributors in с are more stable than those resonance contributors 
in b, because in b, a positive charge is on the most electronegative atom (the oxygen) and there is 
charge separation. Therefore, the phenolate ion has greater electron delocalization than phenol. 
Thus, as shown in the energy diagram, the difference in energy between the phenolate ion and the 
cyclohexoxide ion is greater than the difference in energy between phenol and cyclohexanol. 


Because of greater electron delocalization in the phenolate ion compared to that in phenol, phenol has 
a larger К, than cyclohexanol. 


Because it has a larger К, (a lower pK,), phenol is a stronger acid. 


NH; 
NH; 

Progress of the reaction 
NH; 


Aniline has greater electron delocalization than the anilinium ion. Therefore, in the energy diagram, 
the difference in energy between aniline and cyclohexylamine is greater than the difference in energy 
between the anilinium ion and the cyclohexylammonium ion. 


Because of greater electron delocalization in aniline compared to that in the anilinium ion, the ani- 
linium ion has a larger K, than the cyclohexylammonium ion. 


Because it has a larger К, (a lower pKa), the anilinium ion is a stronger acid than the cyclohexylam- 
monium ion. Therefore, cyclohexylamine is a stronger base than aniline. (The stronger the acid, the 
weaker its conjugate base.) 
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96. а. № Because the reaction creates an asymmetric center in the product, 
№ the product will be а racemic mixture. 
O 
o- 


2 " | 
b. 
| * 
= + 


Even though both reactants are unsymmetrically Because the reaction creates an 
substituted, they will be aligned primarily as asymmetric center, the product 
shown, because of the relatively stable tertiary will be a racemic mixture. 


benzylic cation and delocalization of the 
т electrons of the dienophile onto the oxygen. 


97. The first pair is the preferred set of reagents because it has the more nucleophilic diene and the more 
electrophilic dienophile. 


O 
T Or ||| + 
+ 
ха С 
H 


О 


E Z 


98. A Diels-Alder reaction is a reaction between a nucleophilic diene and an electrophilic dienophile. 


a. The compound shown below is more reactive in both 1 and 2, because electron delocalization in- 
creases the electrophilicity of the dienophile. 
ТЕМ. р + | 
сњ=сн—сн -——— сњ—сн=<Н 
b. The compound shown below is more reactive, because electron delocalization increases the 
nucleophilicity of the diene. 


би - cu- cg?» ca- сн, -—  CH,—CH-—CH—CH-—ÓCH, 


99, a. b. 
Br Br 
Su 27 
^ Br 


1,2-product 1,4-product 1,2-product 1,4-ргодис! 
kinetic product kinetic product 
thermodynamic product 
Both have the same stability, 
so neither is the thermodynamic product. 
When the reaction is under thernodynamic control, 
equal amouts of the two products will be obtained. 
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100. Н 
А / “н 
Н EH 
H 
exo endo 
N 
Ы || 
HS РА С 
С | 
101 a + || с С 
C T || 
H^ “осњ с 
О С 
|| 
М 


О 
е. О 
H 
H 
+ 
© à 
H 
О 
102. а. О: con :ÓH :OH 
CH; А CH; M CH; 
H—OSO3H 
СН» ———== > СН» — 7) H —- 
а" св 
нв“ 
b. LN con :ÓH :ÓH 
сан 
————- —— СН» ЗЕЕ 
2 ТУЛИ АВ СНз нв» 
СН; “CH; CH; ‘CH; em Uf cH 
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103. The electrophile can add to either end of the conjugated system. Adding the electrophile to one end forms 
A and B; adding the electrophile to the other end forms C and B. 


Br 
Br 
— + + 
Вг Вг | 
А B С 


b. A has two asymmetric centers, but only two stereoisomers are obtained because only anti addition of 
Br, can occur. 


Br 


B has four stereoisomers because it has an asymmetric center and a double bond that can be in either 
the Е ог Z configuration. 


СЊВг СЊВг 
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Nine of the compounds are shown below. Because each has one asymmetric center, each can have either 
the R or S configuration. Therefore, 18 different products can be obtained. 


The 3,4-bond of The 1,2-bond of 
1,3-Butadiene is 2-methyl-1,3-butadiene 2-methyl-1,3-butadiene 
the electrophile. is the electrophile. is the electrophile. 

СН» 
CH=CH, C—CH, CH=CH? 
1,3-Butadiene is 
the nucleophile. СН» 
СНз 
СН; CH=CH, CH; C=CH, CH; CH=CH, 
2-Methyl-1,3-butadiene CH3 
is the nucleophile 
(the 1-position is on top). 
СН» 


2-Methyl-1,3-butadiene | 
is the nucleophile CH=CH, C—CH; CH=CH, 
(the 4-position is on top). 

CH3 


CH; CH; CH; 


2-Methyl-1,3-pentadiene (with conjugated double bonds) is more stable than 2-methyl-1,4-pentadiene (with 
isolated double bonds). The rate-limiting step of the reaction is formation of the carbocation intermediate. 
2-Methyl-1,3-pentadiene forms a more stable carbocation intermediate than does 2-methyl-1,4-pentadiene. 


Because the more stable reactant forms the more stable carbocation intermediate, the relative free energies 
of activation for the rate-limiting steps of the two reactions depend on whether the difference in the stabili- 
ties of the reactants is greater or less than the difference in the stabilities of the transition states leading to 
formation of the carbocation intermediates (which depend on the difference in stabilities of the carbocation 
intermediates). 


There is a significant difference in the stabilities of the carbocation intermediates because one is stabilized 
by electron delocalization and one is not. The transitions states look more like the carbocation intermedi- 
ates than like the alkenes. 


Therefore, the difference in the stabilities of the reactants is less than the difference in the stabilities of the 
transition states, so the rate of reaction of HBr with 2-methyl-1,3-pentadiene is the faster reaction. (If the 
difference in the stabilities of the reactants had been greater than the difference in the stabilities of the tran- 
sition states, the rate of reaction of HBr with 2-methyl-1,4-pentadiene would have been the faster reaction.) 
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CH3 CH; тв 
СН›=ССН=СНСН» Br CH;CCH—CHCH; CH;C—CHCHCH; 
2-methyl-1,3-pentadiene 

Вг Br 
СНз СН» 
CH3CCH =CHCH; CH3;C= CHCHCHs 
Br Br 


4-bromo-4-methyl-2-pentene 4-bromo-2-methyl-2-pentene 


сн сњ тв 
сн›==сСсн„сн==сн„ -2 CH;CCH;CH— CH Sr CHsCCH:CH= CH 


2-methyl-1,4-pentadiene Br 
4-bromo-4-methyl-1-pentene 


4-bromo-4 methyl-1-pentene 
4-bromo-4-methyl-2-pentene 


Free energy 


2-methyl-1,4-pentadiene 


4-bromo-2-methyl-2-penkene 


2-methyl-1,3-pentadiene 


= 
Progress of the reaction 


His recrystallization was not successful. Because maleic anhydride is a dienophile, it reacts with cyclopen- 


tadiene in a Diels—Alder reaction. 
O 
/ о + гу 
6 О 
епдо Ò exo 


106. 


5.d 


We saw in Problem 106 that maleic anhydride reacts with cyclopentadiene. The function of maleic anhy- 
dride in this reaction is to remove cyclopentadiene because removal of a product drives the equilibrium 


toward products. (See Le Chátelier's principle on page 205 of the text.) 


107. 


The bridgehead carbon cannot have the 120? bond angle required for the sp? carbon of a double bond 


108. 
because, if it did, the compound would be too strained to exist. 
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110. 
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a. Unless the reaction is being carried out under kinetic control, the amount of product obtained is not 
dependent on the rate at which the product is formed, so the relative amounts of products obtained will 
not tell you which product was formed faster. 


b. In a thermodynamically controlled reaction, the product distribution depends on the relative stabili- 
ties of the products because the products come to equilibrium. Therefore, if the distribution of prod- 
ucts does not reflect the relative stabilities of the products, the reaction must have been kinetically 


controlled. 
s First line up the conjugated diene and the 
Я A eho ? double bond of the dienophile in a way that 
r А 4 prepares them to undergo the Diels—Alder геас- 
CQ 3 O tion. Once they are lined up correctly, you can 
! O 3 rearrange the electrons to determine the product 
1 


of the reaction. 


a. The three resonance contributors marked with an X are the least stable because in these contributors, 
the two negative charges are on adjacent carbons. 


b. Because these contributors are the least stable, they make the smallest contribution to the hybrid. 


J-O-Q-Q 
рекну 


We have classified cyclobutadiene as аппагота с. However, the recent observation that cyclobutadiene is 
rectangular and the observation that there are two different 1,2-dideuterio-1,3-cyclobutadienes both indi- 
cate that the 7r electrons are localized rather than delocalized. Localization of the a electrons prevents the 
compound from being antiaromatic. Apparently, the extreme instability associated with being antiaromatic 
causes cyclobutadiene to be rectangular. 
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Chapter 8 Practice Test 


1. Indicate the more stable species in each pair: 


+ + + + 
a. (= ог ( i d. CH)=CHCH, ог CH;—CHCH;CH, 
+ + 
b. СН.СНСН, or CH;CHC=CH е. CHCH3 CHCH; 
or 
О О 
|| || 


с. СН.СНСНССН. or CH;CHCCH; 
2. Draw resonance contributors for each of the following: 
а. CH;CH=CH—OCH; 


+ 
b. CH;CH=CH—CH=CH—CH2 


|| 
с. CH,—CH-—CH—CH 


3. Which compounds do not have delocalized electrons? 
СН» 
CH3CH;NHCH =СНСН,» CH3;CCH,CH = CH; CH;— CHCH;CH — CH; 
+ 


CH,— culca, CH3CH;NHCH;CH = CHCH; С) 
4. What аге the products of the following reactions? 
a. 
C): — 
O 
b. 27 || 
+ СНССН; 
CH; < CH; 
5. Which of the following pairs are resonance contributors? 
|| | + 
а. СЊСЊОН and CH;0CH; с. CH;COH and CH3;C=OH 
| ] | T 
b. СНЗСОН апа CH3CO^ d. CH3;CH,CH and CH;CH=CH 
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Which of the following dienes сап be used in а Diels—Alder reaction? 


CH, CH, 
CY —— CO О 
CH, з 


Which is a stronger base? 
O- On 


Draw resonance contributors for each of the following: 


NH, 
oY 

+ 

NH; 
С 

OF 
or 


Which resonance contributor makes a greater contribution to the resonance hybrid? 


0-0 а.д 


Indicate whether each of the following statements is true ог false. 


a. А compound with four conjugated double bonds has four molecular orbitals. T 
b. у: and {> are symmetric molecular orbitals. T 

If уз is the HOMO in the ground state, уд will be the HOMO in the excited state. T 
d. If 15 the LUMO, у. will be the HOMO. T 
e. Ifthe ground-state HOMO is symmetric, the ground-state LUMO will be antisymmetric. T 
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f. А single bond formed by an sp^—sp? overlap is longer than а single bond formed 
by an sp^—sp? overlap. T 


8.  Thethermodynamically controlled product is the major product obtained when the 
reaction is carried out under mild conditions. T 


h. 1,3-Hexadiene is more stable than 1,4-hexadiene. T 
11. Draw the four products that will be obtained from the following reaction. Ignore stereoisomers. 
CH; 
с йаш + НВг —— 
CH; 


12. What reactants are necessary for the synthesis of the following compound via a Diels—Alder reaction? 


CH о 
CH; 
13. Rank the following carbocations from most stable to least stable: 


+ + + + 
CH;CH=CHCH, CH,;CH=CHCHCH;, CH,;CH==CHCH,CH, CH;,CH= uem 
CH; 


14. a. Draw the predominant 1,2- and 1,4-products of the following reaction. 


b. Which is the product of thermodynamic control? 


CH; 
СУ + HCl 


15, What reagents сап be used to convert the given starting material into the given product? 


(Ри n 


16. Draw the product of the following reaction, showing its configuration: 


HOOC yon 
СН» == СНСН = СН, + с=с —— 
/ \ 
Н Н 
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18. 


19. 


20. 
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For each of the following reactions, give the major 1,2- and 1,4-products. Label the product of kinetic 
control and the product of thermodynamic control. 


CH; 
а. CH,—CH—C-—CH, + HCl 


CH, 


Which are aromatic compounds? 


v(5OQ Qv 


Which compound has the greater delocalization energy? 


Which is a stronger acid? 


О 
| OH OH 
a. OH d. 
or pores or 
О 
-NH 
O Oe OSO 
or or 
H 
H H H 
COOH COOH OH OH 
| СТ Kr | Edi СҮ 
ог ог 
CH3O ON Cl 
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Molecular Orbital Theory 


Chemists use models to describe such things as the bonding in molecules, the stability of molecules, and the 
reactions between molecules. The model used is generally the one that provides the best description of the molecule 
under consideration. One very powerful model is molecular orbital theory. 


You were introduced to molecular orbital (MO) theory in Section 1.6 where you saw that electrons are assigned 
to a volume of space called an orbital. According to MO theory, covalent bonds are formed when atomic orbitals 
combine to form molecular orbitals. Let’s review some important principles: 


1. Orbitals are conserved. In other words, the number of molecular orbitals formed must equal the number 
of atomic orbitals combined. For example, when two atomic orbitals interact, two molecular orbitals 
are formed—one lower in energy (a bonding MO) and one higher in energy (an antibonding MO, 
indicated by a *) than the interacting orbitals. 


2. Electrons always occupy the available atomic orbitals with the lowest energy, and no more than two 
electrons can occupy an atomic orbital. Similarly, electrons always occupy the available molecular 
orbitals with the lowest energy, and no more than two electrons can occupy a molecular orbital. 


3. The relative energies of the molecular orbitals are д < п < п* < g*. 


4. The strongest covalent bonds are formed by electrons that occupy the molecular orbitals with the lowest 
energy. For example, the energy of a с МО is lower than that of a m MO, and we have seen that a 
с bond is stronger than a т bond (Section 1.15). 


Atomic orbitals can overlap to form molecular orbitals in two ways; these are shown in Figures 1 and 2. 


In Figure 1, each of the overlapping atomic orbitals contributes one electron to the bond. 
In Figure 2, a filled atomic orbital (it has two electrons) overlaps an empty atomic orbital. 


In each case, we see that the electrons are stabilized (are lower in energy) as a result of orbital overlap. 


antibonding MO antibonding MO 


Energy 
Energy 


bonding MO bonding MO 


Figure 1. Each of the overlapping atomic orbitals Figure 2. A bond is formed as a result of the overlap 
contributes one electron to the bond. of a filled atomic orbital with an empty atomic orbital. 


I. Using Molecular Orbital Theory to Describe Covalent Bond Formation 
А. Each of the Overlapping Atomic Orbitals Contributes One Electron to the Bond 


Take a look at Figure 1.3 on page 23 of the text. There you can see that an H—H bond is formed by the overlap of 
a 15 atomic orbital of a hydrogen atom with a 1s atomic orbital of another hydrogen atom; each of the atomic orbitals 
contributes one electron to the molecular orbital. 406 


Copyright О 2017 Pearson Education, Inc. 


fe 


Special Topic II 307 


Figure 3 shows that the C—C bond in ethane is formed by the overlap of an sp? atomic orbital of carbon with 
an sp? atomic orbital of another carbon; again, each of the overlapping atomic orbitals contributes one electron to 


С ә cQ 


6" antibonding MO 


the bond. 


sp? atomic 


Energy 


sp? atomic 
orbital orbital 


o bonding MO 


Figure 3. The C—C bond of ethane is formed by sp^—sp overlap. 


Figure 4 shows that ће C—H bond of ethane is formed by the overlap of an sp? atomic orbital of carbon with 
an s atomic orbital of hydrogen. Because an s atomic orbital of hydrogen is more stable than an sp? atomic orbital 
of carbon (see page 27 of the text), the MO formed by sp?—s overlap is more stable than the MO formed by 
sp^—sp^ overlap. As a result, the C—H bond is stronger (and shorter) than the C—C bond. 


tm. 
с“ antibonding MO 
> 
ы) 
JAN 
= 
m sp? atomic Q 
orbital 5 atomic 
orbital 
o bonding MO 
Figure 4. A C—H bond of ethane is formed by sp^—s overlap. 
Figure 5 shows that the two sp? atomic orbitals that overlap to form the C—O bond of an alcohol or of an ether 
do not have the same energy. An electron is more stable in the atomic orbital of the more electronegative atom. 
Thus, the C—O bond is a little stronger and shorter than the C—C bond. 
mm, 
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a 


с“ antibonding MO 


sp? atomic T 
orbital on C sp? atomic 
orbital on O 


Energy 


o bonding MO 


Figure 5. The C—O bond of an ether or an alcohol is formed by sp^—sp? overlap. 


Figure 6 shows that the С—С с bond of ethene is formed by the overlap of an sp? atomic orbital of carbon 
with an sp? atomic orbital of another carbon. The z bond of ethene is formed by the side-to-side overlap of two 
p orbitals. (See Figure 1.4 on page 25 of the text.) A т molecular orbital is less stable than a с molecular orbital. 


The т bond, therefore, is weaker than the с bond. 


aT 


С“ antibonding MO 


sp? atomic 


Energy 


sp? atomic 
orbital 


orbital 


œ- 


o bonding МО 


Figure 6. The С—С ø bond of ethene is formed by sp^—sp? overlap. 


B. A Filled Atomic Orbital Overlaps an Empty Atomic Orbital to Form a Bond 


The overlap of a filled atomic orbital with an empty atomic orbital is the second way two atomic orbitals can 


overlap to form a bond (Figure 2). 

For example, the bond formed between a Lewis base (such as NH3) and a Lewis acid (such as FeBr3) results 
from the base sharing a pair of electrons with the acid. Bond formation results from the overlap of a filled sp? 
orbital of nitrogen with an empty orbital of iron. This type of reaction is discussed in Section 2.12 of the text. 


D | T 
Be-R € SE EN aes 
Br H Br H 
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II. Using Molecular Orbital Theory to Describe Chemical Reactions 


We have seen that most organic reactions involve the reaction of a nucleophile with an electrophile. Molecular 
orbital theory describes a reaction between a nucleophile and an electrophile as the result of the interaction of the 
HOMO (highest occupied MO) of the nucleophile with the LUMO (lowest unoccupied MO) of the electrophile, 
because the most stabilizing interaction is between orbitals closest in energy. Notice that in these examples, a filled 
orbital overlaps an empty orbital. The interaction of a filled orbital with an empty orbital is stabilizing, because 
the two electrons involved in bond formation end up in the lower-energy bonding MO and no electrons have to be 
placed in an antibonding MO (Figure 7). 


"^ — antibonding MO 


mal E 


bonding MO 


MOs of the a of the 
nucleophile eletrophile 


Figure 7. The interaction of the HOMO of the nucleophile with the LUMO of the electrophile. 


We will start by looking at the reaction of 2-butene with HBr, an electrophilic addition reaction we first 
examined in Section 5.5. 


CH;CH=CHCH; + н-СВг CH3;CH—CH,CH; + :Вг: CH;ÇH— CHCH; 


NY | 


In the first step of the reaction, the alkene is the nucleophile; the electrons of the лт bond are in the т bonding 
МО; this is the HOMO. HBr is the electrophile. The electrons that form the H—Br bond are in a с bonding MO. 
Therefore, the LUMO of HBr is the o* antibonding MO (Figure 8). 


Energy 


Figure 8. Interaction of the HOMO of the alkene with Figure 9. Interaction of the HOMO of Вг with the 
the LUMO of HBr. LUMO of the carbocation. 
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In the second step of the reaction, Вг is the nucleophile; its HOMO is a filled nonbonding sp? orbital. The 
carbocation is the electrophile; the LUMO is carbon’s empty p orbital (Figure 9). 


In Section 9.1 of the text, we use MO theory to explain why the alkyl halide in an Sy2 reaction undergoes 
back-side attack, resulting in inversion of configuration. The filled nonbonding orbital of the nucleophile is the 
HOMO. The LUMO of the electrophilic alkyl halide is the с* antibonding MO, which has its largest lobe at the 
back of the carbon in the C—Br bond, so this is where overlap is best. (See Figure 9.1 on page 395 of the text.) 


Ш. Molecular Orbital Theory and Delocalized Electrons 


Molecular orbital theory is useful to describe compounds with delocalized electrons. For example, in Section 6.2, 
we saw that tertiary carbocations are more stable than secondary carbocations, which are more stable than primary 
carbocations, because the electrons in a filled с bond are delocalized by overlapping the empty p orbital of the 
positively charged carbon. (See Figure 6.1 on page 238 of the text.) This kind of electron delocalization is known 
as hyperconjugation; it is one more example of the stabilization that results when a filled orbital overlaps an 
empty orbital. 


Molecular orbital theory avoids having to use contributing resonance structures, because the electrons in the 
most stable MO are delocalized over the entire molecule. For example, in Section 8.8, we saw that 1,3-butadiene 
is more stable than 1,4-pentadiene, because the 7 electrons in 1,3-butadiene are delocalized over four sp? carbons, 
whereas the intervening methylene group in 1,4-pentadiene prevents the p orbitals of C-2 and C-4 from overlapping. 


Thus, the 7 electrons of 1,4-pentadiene are localized, causing its molecular orbitals to have the same energy as 
those of ethene—another compound with localized electrons. (See page 337 of the text.) 


uU intervening 


ZA ANA methylene group 


1,3-butadiene 1,4-pentadiene 


Let’s now look at the molecular orbitals of the allyl cation, the allyl radical, and the allyl anion. 


CH;—CH—CH, CH,—CH— CH, CH,—CH— CH, 
the allyl cation the allyl radical the allyl anion 
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The three p atomic orbitals of the three allyl carbons combine to produce three т molecular orbitals (Figure 10). 


оо „_ О _ 
#80 > 


в 888 + 


ey op че 


allyl cation allyl radical allyl anion 


п molecular orbitals 


Figure 10. The distribution of the electrons in the molecular orbitals of the allyl cation, the allyl radical, and 
the allyl anion. 


The bonding MO (y) encompasses the three carbons. In an acyclic system, the number of bonding MOs al- 
ways equals the number of antibonding MOs. Therefore, when there is an odd number of MOs, one of them must 
be a nonbonding molecular orbital; y; is the nonbonding MO. We have seen (Section 8.8) that as the energy of 
the MO increases, the number of nodes increases. Consequently, jy; must have a node—in addition to the one that 
y has—that bisects the p orbitals. The only symmetrical position for a node to pass through in Џ is through the 
middle carbon. You also know that it needs to pass through the middle carbon because that is the only way #2 can 
be fully antisymmetric, which it must be since i, and уз are symmetric (recall that MOs alternate between being 
symmetric and antisymmetric; Section 8.8.) 


You can see why y, is called a nonbonding molecular orbital—there is no overlap between the p orbital on the 
middle carbon and the p orbital on either of the end carbons. Notice that a nonbonding MO has the same energy as 
the isolated p atomic orbitals. The third MO (3) is an antibonding MO. 


The two т electrons of the allyl cation are in the bonding MO, which means they are spread out over all three 
carbons. Consequently, the two carbon-carbon bonds are identical, with each having some double-bond character. 
The resonance contributors show that the positive charge is shared equally by the end carbon atoms, which is 
another way of showing that the stability of the allyl cation is due to electron delocalization: 


+ + 
СН,==СН— СН, CH,— CH=CH, 


The contributing resonance structures show that when a nucleophile such as Вт reacts with an allyl cation, the 
Вг” can bond to either of the end carbons—because they share the positive charge—but cannot bond to the middle 
carbon. Likewise, MO theory shows that only the end carbons have an empty orbital with which the filled orbital of 
Br can overlap. The central carbon has a node, so there can be no interaction with this carbon. 


The allyl radical has two electrons in the bonding MO, so these electrons are spread over all three carbon atoms. 
The third electron is in the nonbonding MO. The MO diagram shows that the third electron is shared equally by the 
end carbons with none of the electron density residing on the middle carbon. This agrees with what the resonance 
contributors show: 


CH,— CH=CH) 


CH,==CH— CH; 
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Finally, the allyl anion has two electrons in the nonbonding MO. These two electrons are shared equally by the 
end carbons. This, too, agrees with what the resonance contributors show: 


CH,—CH— CH, CH,— CH=CH, 


We have seen that both molecular orbital theory and contributing resonance structures can be used to 
explain electron delocalization. The choice is a matter of preference. Hyperconjugation is probably best shown 
by molecular orbital theory, because the contributing resonance structures that describe hyperconjugation would 
require breaking с bonds. Contributing resonance structures are sometimes preferred when one needs to see on 
which atoms charges reside. 
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Substitution and Elimination Reactions of Alkyl Halides 


Important Terms 


B-elimination reaction 
or 
1,2-elimination reaction 


anti elimination 


anti-periplanar 


aprotic solvent 


back-side attack 


base 
basicity 
bifunctional molecule 


bimolecular reaction 


complete racemization 
dehydrohalogenation 
Е1 reaction 

E2 reaction 

elimination reaction 
first-order reaction 
intermolecular reaction 


intimate ion pair 


intramolecular reaction 


an elimination reaction where the groups being eliminated are bonded to adjacent 
carbons. 


an elimination reaction in which the substituents being eliminated are removed 
from opposite sides of the molecule. 
substituents are attached to parallel bonds on opposite sides of a molecule. 


a solvent that does not have a hydrogen bonded to an oxygen or to a nitrogen; 
some aprotic solvents are polar; others are nonpolar. 


nucleophilic attack on the side of the carbon opposite the side bonded to the 
leaving group. 


a substance that gains a proton. 
the tendency of a compound to share its electrons with a proton. 
a molecule with two functional groups. 


a reaction in which two molecules are involved in the transition state of the rate- 
determining step. 


formation of a pair of enantiomers in equal amounts. 

elimination of a proton and a halide ion. 

a unimolecular elimination reaction. 

a bimolecular elimination reaction. 

a reaction that removes atoms or groups from the reactant to form a 7r bond. 
a reaction whose rate is proportional to the concentration of one reactant. 

a reaction that takes place between two molecules. 


an ion pair that results when the covalent bond that joined the cation and anion has 
broken but the cation and anion are still next to each other. 


a reaction that takes place within a molecule. 


313 
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inversion of configuration 


ion-dipole interaction 
kinetics 

leaving group 
nucleophile 
nucleophilicity 


nucleophilic substitution 
reaction 


partial racemization 
protic solvent 


rate constant 


rate law 


regioselectivity 


sawhorse projection 


second-order reaction 
541 reaction 
542 reaction 


solvent-separated ion pair 


solvolysis 
steric effects 


steric hindrance 


substitution reaction 


turning the carbon inside out like an umbrella so that the resulting product has a 
configuration opposite that of the reactant. 


the interaction between an ion and the dipole of a molecule. 

the field of chemistry that deals with the rates of chemical reactions. 

the group that is displaced in a substitution reaction. 

an electron-rich atom or molecule. 

a measure of how readily an atom or a molecule with a lone pair attacks another atom. 


a reaction in which a nucleophile substitutes for an atom or a group. 


formation of a pair of enantiomers in unequal amounts. 
a solvent that has a hydrogen bonded to an oxygen or to a nitrogen. 


the constant of proportionality in the rate law for a reaction; it describes how 
difficult it is to overcome the energy barrier of a reaction. 


the equation that shows the relationship between the rate of a reaction and the 
concentration of the reactants. 


the preferential formation of a constitutional isomer. 


a way to represent the three-dimensional spatial relationships of atoms by looking 
at the carbon-carbon bond from an oblique angle. 


a reaction whose rate is dependent on the concentration of two reactants. 
a unimolecular nucleophilic substitution reaction. 
a bimolecular nucleophilic substitution reaction. 


an ion pair that results when the cation and anion are separated by one or more 
solvent molecules. 


reaction with a solvent. 
effects due to the fact that groups occupy a certain volume of space. 


caused by bulky groups at the site of a reaction that make it difficult for the reactants 
to approach each other. 


a reaction that exchanges one substituent of a reactant for another. 
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syn elimination 


syn-periplanar 
target molecule 


unimolecular reaction 


Williamson ether synthesis 


Zaitsev’s rule 
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an elimination reaction in which substituents being eliminated are removed 
fromthe same side of the molecule. 


substituents are attached to parallel bonds on the same side of a molecule. 
the desired product of a synthesis. 


а reaction in which only one molecule is involved in the transition state of the rate- 
determining step. 


formation of an ether from the reaction of an alkoxide ion with an alkyl halide. 
the rule that states that the more stable alkene product of an elimination reaction 


is obtained by removing a proton from the B-carbon that is bonded to the fewest 
hydrogens. 
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Solutions to Problems 


1. DEE is formed when НС] is eliminated from DDT. (See the box on page 392.) 


Cl Cl 
Cl | | а 
DDE 
2. Methoxychlor has methoxy groups in place of the chlorines on the benzene rings of DDT. The oxygen of 


the methoxy groups can form hydrogen bonds with water, making methoxychlor more soluble in water 
and, therefore, less soluble in fatty tissues. 
3. rate = k [alkyl halide | [ nucleophile | 
original: rate = k [1.0][1.0] 
а. rate = К[1.0][3.0] = 3.0 The rate is tripled. 


b. rate = k[0.50][1.0] = 0.50 The rate is cut in half. 
с. rate = k[0.5][2.0] = 1.0 The rate is not changed. 
4. Increasing the height of the energy barrier decreases the magnitude of the rate constant; this causes the 
reaction to be slower. 
5. The closer the methyl group is to the site of nucleophilic attack, the greater the steric hindrance to 
nucleophilic attack and the slower the rate of the reaction. 
CH3 СН» СН» 


СЊСЊСЊСЊСЊВг > СН:СНСН›СН,Вг > СЊСЊСНСЊВг > сан 


СН» 
6. а. Solved in the text. 
сњ, CH; 
CH;,0 
pe њи ; кыраш C 
b CHCH MH H'/ ~CH,CH; 
Br CH30 
(R)-2-bromobutane (S)-2-methoxybutane 
(ee foe 
НО" 
CH,CH ENT ну "cH CH 
C. 
LE HO TES 
(S)-3-chlorohexane (R)-3-hexanol 
i 
d. сн,сн,снснсн, > CH,CH,CHCH,CHs 
I OH 
3-iodopentane 3-pentanol 
7. Solved in the text. 
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11. 


12. 


p 
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CH,CH,O 


Br The primary alkyl halide is less sterically hindered than the secondary alkyl halide 
(the CH; group is farther away from the back side of the carbon attached to the Br). 


Br is a weaker base; therefore, it is a better leaving group. 


With one methyl and one ethyl group, this alkyl halide is less sterically hindered 
than the other alkyl halide that has two ethyl groups. 


Br 
eod The primary alkyl halide is less sterically hindered than the secondary alkyl halide. 


А protic solvent has a hydrogen bonded to an oxygen or to a nitrogen, whereas an aprotic solvent does not 
have a hydrogen bonded to an oxygen or to a nitrogen. 


a. 


a. 


aprotic b. aprotic c. protic d. aprotic 


КО”, because ROH is a weaker acid than RSH since the hydrogen is attached to a smaller atom. 
RS ,„ because it is less well solvated by water and sulfur is more polarizable than oxygen. 


КО, because, although they differ in size, they аге in an aprotic solvent. Remember that the stronger 
base is always the better nucleophile in an aprotic solvent. 


Remember that the stronger base is always the better nucleophile unless they differ in size and they are in a 
protic solvent. 


кою норе 


They differ in size, and because they are in a protic solvent, the larger опе (Вг ) is the better 
nucleophile. 


They differ in size, and because they are in an aprotic solvent, the stronger base (СІ) is the better 
nucleophile. 


Because the oxygen is negatively charged, СНЗО“ is the better nucleophile. 

Because the oxygen is negatively charged, CH3O is the better nucleophile. 

Because HO is a stronger acid than NH}, NH, is the stronger base and the better nucleophile. 
Because ЊО is a stronger acid than NH}, NH), is the stronger base and the better nucleophile. 

They differ in size and, because they are in a protic solvent, the larger one (T`) is the better nucleophile. 


They differ in size and, because they are in an aprotic solvent, the stronger base (Br ) is the better 
nucleophile. 
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13. 


14. 


15. 


16. 


17. 


18. 


19. 


20. 


Chapter 9 


Solved in the text. 


a. 
b. 


с. 


а. 


CH4CH;Br + НО" НО is a better nucleophile than ЊО. 
СНзСНСН2Вг + HO^ This alkyl halide has less steric hindrance 
| toward nucleophilic attack. 
CH; 
CH3CH,Cl + СН.$7 CHS is a better nucleophile than СН;О in a protic 
solvent (a solvent that can form hydrogen bonds). 
CH3CH Br + Г Br is a weaker base than СІ, 


so Br is a better leaving group. 


These аге all 542 reactions. 


а. 
b. 


+ 
CH3CH;OCH;CH4CH;3 c. CH3CH3N(CH3)5 Br. 
CH;CH,C=CCH; d. CH;CH,SCH,CH; 


Solved in the text. 


a. 


Reaction of an alkyl halide with ammonia gives a low yield of primary amine, because as soon as the 
primary amine is formed, it can react with another molecule of alkyl halide to form a secondary amine; 
the secondary amine can react with the alkyl halide to form a tertiary amine, which can then react with 
an alkyl halide to form a quaternary ammonium salt. (See Problem 16 on page 404.) 


The alkyl azide is not treated with hydrogen until after all the alkyl halide has reacted with azide ion. 
Therefore, when the primary amine is formed, there is no alkyl halide for it to react with to form a 
secondary amine. 


b. ud XN 


“OCH; NOCH, 


one product because the leaving R and 5 because the leaving 
group is not attached to an group is attached to an 
asymmetric center asymmetric center 


Сао Сао Жао ср 


D 


C 
H"/ ~CH,CH, 
CH,CH,O 


The product has the inverted configuration compared to that of the reactant. 


CH, | OCH; 


omen Сосн, + omen ењ 


Once the tertiary carbocation forms, methanol can attack the sp* carbon from the top or bottom of the 
planar carbocation. 
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The rate of an Sy1 reaction is not affected by increasing the concentration of the nucleophile, whereas the 
rate of an Sy2 reaction is increased when the concentration of the nucleophile is increased. Therefore, we 
first have to determine whether the reactions аге Sy1 ог Sy2 reactions. 


А is an Sy2 reaction because the reactant is a secondary alkyl halide (and the configuration of the 
product is inverted compared to that of the reactant). 


В is an Sy2 reaction because the reactant is a primary alkyl halide. 
С isan Syl reaction because the reactant is a tertiary alkyl halide. 


Because they are 5,2 reactions, the rate of A and B increases if the concentration of the nucleophile is increased. 
Because it is ап Sy1 reaction, the rate of C does not change if the concentration of the nucleophile is increased. 


СН» СН» СН» 
a. CH,C—CHCH, b CH,C—CHCH, c. онен; 


СН» 
a. CH3CH-—CHCH3 Removal of a hydrogen from the more substituted B-carbon forms the 
CH; more stable “alkene-like” transition state. 
| 
b. CH3C—CHCH,CH3 Removal of a hydrogen from the more substituted B-carbon forms the 
more stable “alkene-like” transition state. 
€. CH3CH—CHCH-—CH? The hydrogen is removed from the B-carbon that leads to a conjugated 
alkene. 
d. CH;—CHCH;CH; Removal of a hydrogen from the less substituted B-carbon forms the 
more stable “carbanion-like” transition state. 
e. The hydrogen is removed from the B-carbon that leads to a conjugated 
alkene. 
СН; 
f. CH;CHCH=CHCH; Removal of a hydrogen from the less substituted B-carbon forms the 
more stable “carbanion-like” transition state. 
a. "а The alkene (2-butene) that is formed is more stable than the alkene 
р (1-butene) that is formed from the other alkyl halide. 
r 
b. CY Br is a better leaving group (weaker base) than СІ. 
c. Br The alkene (2-methy]-2-pentene) that is formed is more stable than 
pud the alkene (4-methyl-2-pentene) that is formed from the other alkyl 
halide. 
d. b T The other alkyl halide cannot undergo an E2 reaction, because it does 
СІ not have апу 8-hydrogens. 
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25. 


26. 


27. 


28. 


Chapter 9 


а. AN nr’ PN It forms the more stable alkene (the alkene with the 


most substituents bonded to the sp? carbons), so it has 


B ae 
p the more stable transition state. 


b. It forms the more stable alkene (the double bonds are conjugated, 
=> so it has the more stable transition state. 


с. сва | P N It has four hydrogens that can be removed to form 


an alkene with two substituents on the sp? carbons, 
so it has a greater probability of having an effective 
collision with the nucleophile than the other alkyl 
halide that has only two such hydrogens. 


d. | ~ It forms the more stable alkene (the new 
double bond is conjugated with the phenyl 
Br substituent), so it has the more stable 


transition state. 


[in 
EE a {ous 


CH; Br 
3-bromo-2,3-dimethylpentane 
CH34C—CCH;CH, > P =C V > P = Ке >  CH3CHCCH;CH; 
ci (CH3)2CH H (CH3)2CH CH3 bb 

Four alkyl substituents Three alkyl substituents are Three alkyl substituents are Two alkyl substituents 
are bonded to the sp? bonded to the sp? carbons; bonded to the sp? carbons; are bonded to the sp? 
carbons. the largest groups are on the largest groups are on the carbons. 

opposite sides of the same side of the double bond. 

double bond. 


The major product is the one predicted by Zaitsev's rule, because the fluoride ion dissociates in the first 
step, forming a carbocation. Loss of a proton from the carbocation follows Zaitsev's rule, as it does in other 
Е] reactions. 


a. B because it forms the more stable carbocation. 
b. B because it forms the more stable alkene. 

с. B because it forms the more stable carbocation. 
d. A because it is less sterically hindered. 
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29. A tertiary carbocation with a strained four-membered ring is less stable than a secondary carbocation with 
an unstrained five-membered ring, so a carbocation rerrangement occurs. A second carbocation rearrange- 
ment forms a tertiary carbocation. 


2-methyl СНз Н 


ү | 1, БЕИ £N CH 1, 
C—CH El l shi — hift, CH; 
| oe Os: CH; сн, 4 


с) 3 3 


+ СГ 
СН» 
СН» 
HBt + 
ie 
30. а. E2 CH,CH=CHCH, с. El CH,C—CH, 
CH, 
b. E2 CH,CH,CH=CH, d. E2 CH,C=CH, 
31. Solved in the text. 
T Е2 _ 7.4 X 107? x 25 x 1073 _ 178 x 1077 ee 
" E2+El 71X 1075 X 25 1073 + 1.50 X 1075 178 X 1077 + 150 х 10-7 152 í 
CH3 
33. а. 1. СНзСН›СН = ССН; No stereoisomers are possible because there are two methyl groups 
on one of the sp? carbons. 
2. CHCH, H The major product is the conjugated diene with the larger group 
з С bonded to опе 5р? carbon оп the opposite Side of the double bond 
from the larger group bonded to the other sp? carbon. 
H CH= CH; 
3. CHCH, H The major product is the conjugated alkene with the larger group 
0 bonded to опе sp* carbon on ће opposite sioe of the double bond 
с=с РР 
/ from the larger group bonded to the other sp? carbon. 
H 


b. In попе of the reactions is the major product dependent on whether you start with the R or 5 enanti- 
omer of the reactant. 
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34. Solved in the text. 


[s 
35. a. CH4CH;CH-—CCH; 


b. The larger substituent attached to one sp? carbon and the larger 
H substituent attached to the other sp? carbon are on opposite sides of the 
Ben double bond. 
N 
CHÍ CH; 
CH; 


c. 


36. E2 elimination reactions from six-membered rings occur only when the substituents to be eliminated are 
both in axial positions. 


In the cis isomer, when Br is in an axial position, there is an axial hydrogen on each of the adjacent 
carbons. The one bonded to the same carbon as the ethyl group is more apt to be the one eliminated with 
Br because the product formed is more stable and, therefore, more easily formed than the product formed 
when the other H is eliminated with Br. (Recall that when there is a choice, a hydrogen is removed from 
the 8-сагбоп bonded to the fewest hydrogens.) 


In the trans isomer, when Br is in an axial position, there is an axial hydrogen on only one adjacent carbon, 


and it is not the carbon that is bonded to the ethyl group. Therefore, a different product is formed. (Notice 
in this case there is no choice; there is only one hydrogen bonded by an axial bond to a B-carbon.) 


Br Br 
H H 
сед: Ls 
H H 
H 


CH;CH; 


cis-1-bromo-2-ethylcyclohexane trans-1-bromo-2-ethylcyclohexane 


| 


CH2CH3 CHCH; 
l-ethylcyclohexene 3-ethylcyclohexene 
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37. In order for a six-membered ring to undergo ап E2 reaction, the substituents that are to be eliminated must 
both be in axial positions. 


When bromine and an adjacent hydrogen are both in axial positions, the large tert-butyl substituent is in an 
equatorial position in the cis isomer and in an axial position in the trans isomer. The rate constant for the 
reaction is К” Кеа. 


Because a large substituent is more stable in an equatorial position than in an axial position, elimination 
of the cis isomer occurs through its more stable chair conformer (Кеа is large; see page 427 of the text), 
whereas elimination of the trans isomer has to occur through its less stable chair conformer (Кеа is small). 
The cis isomer, therefore, reacts more rapidly in an E2 reaction. 


Br Br 
(СНС н H H” 
H H (СНС Н 
cis-]-bromo-4-tert-butylcyclohexane trans-l-bromo-4-tert-butylcyclohexane 


38. a. trans-1-Chloro-2-methylcyclohexane has two stereoisomers, and each forms an elimination product. 
Notice that the elimination products are enantiomers. 


Elimination occurs through 


CH4O0 the less stable conformer. 


—-—— 
а 
= 

ы 
о 
Џ 
-«———— 


CH; CH, 


b. cis-l-Chloro-2-methylcyclohexane has two stereoisomers, and each forms an elimination product. 
Notice that the elimination products are enantiomers. 


Elimination occurs through 


CHiO^ CH,O^ 
| 2 | ? the more stable conformer. 


only product 


CH; CH, CH, 
d. CH,OH 
отео O 
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39. 


40. 


41. 


42. 


43. 


44. 


Chapter 9 
а. СНзСН»СН»Вг This compound has less steric hindrance. 
CH, 
b. OS I” is a better leaving group (weaker base) than Br . 
СН» 
с. CH;CH;CH;CCH; The tertiary alkyl halide because a secondary alkyl halide does not 
| undergo Sy1 reactions. 


The reaction of an alkyl halide with an acetylide ion is an Sy2 reaction. Methyl and primary alkyl halides 
Work best because they have the least steric hindrance to back-side attack. In addition, primary alky halides 
form mainly the desired substitution product and methyl halides form only the desired substitution product. 


Because CH}S7 is a better nucleophile in the protic polar solvent and a weaker base than СЊО“ , the ratio 
of substitution (where Y reacts as a nucleophile) to elimination (where Y reacts as a base) increases 


when the nucleophile is changed from СНО“ to CHSS . 


In order to undergo an E2 reaction, the substituents to be eliminated (H and Br) must both be in axial positions. 
Drawing the compound in the chair conformation shows that when Br is in an axial position, neither of the 


adjacent 8-сафопз has a hydrogen in an axial position, so an elimination reaction cannot take place. 
CH; 
СН» 


Вг 


CH; 
CHA CH,B: 
бн, 
1-bromo-2,2-dimethylpropane 
a. The bulky tert-butyl substituent blocks the back side of the carbon bonded to the bromine to 


nucleophilic attack, making ап Sy2 reaction difficult. An Syl reaction cannot occur because it requires 
formation of an unstable primary carbocation. 


b. It cannot undergo ап 22 reaction, because the B-carbon is not bonded to a hydrogen. 
It cannot undergo an E1 reaction, because that requires the formation of a primary carbocation. 


a. trans-A-Bromo-2-hexene (the compound on the right) is more reactive, because the carbocation that is 
formed is stabilized by electron delocalization. (It is a secondary allylic cation.) The other alkyl halide 
is a secondary alkyl halide and does not undergo an Sy1 reaction. 


H CH H CH H CH 
“с=с Í m се o “с 
/ N AL N Z FN 
CH3CH;CH H CH3CH2CH H CH3CH;CH H 
C Br 
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46. 


47. 


48. 


49. 
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b. H CH 
pe d " 
Z N 
CH3CH,CH H CH3CH,CH=CHCHCH; 
ОСЊСНз ОСН›СН» 


Conjugated double bonds are more stable and, therefore, are easier to form than isolated double bonds. 
СН; 


| 
а. o b. {_У—сн=снсн, c. CH,—CHCH—CCH, 


CH; CH; 


| 
а. © c. CH,—CHCH—CCH, + ЕН m 


b. The secondary alkyl halide does not undergo an El reaction. 


CH, CH; 
a. сн,—б—сн=сн, + СЊО сн,=б—сн=сн, + СНОН + Br 
i | 
CH; CH; CH; 
b, сн,—с—Сн=Сн; CH,;C—CH=CH, CH,C=CH—CH, + Br 
Br | сњон 
СН» 


| 
CH,—C—CH=CH, + CHOH + НВг 


Only one elimination product is formed because elimination from the other resonance contributor would form 
a cumulated diene, which is much less stable and, therefore, much harder to form than a conjugated diene. 


a. EI An aryl halide cannot b. Br A vinyl halide cannot 
undergo ап Sy1 reaction P undergo an Sy1 reaction 


because an aryl cation is because an vinyl cation is 


too unstable to form. too unstable to form. 

a. Br An aryl halide cannot b. “Вг A vinyl halide cannot 
undergo an Sy2 reaction pu undergo ап Sy2 reaction 
because it cannot > because it cannot undergo 
undergo back-side back-side attack. 
attack. 
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50. 


51. 


52. 


53. 


54. 


55. 


56. 


Chapter 9 


Because а cumulated diene is less stable than an alkyne, the transition state for its formation is less stable 
than that for the formation of the alkyne, so the cumulated diene is harder to make. 


Solved in the text. 


In the first elimination reaction, a hydrogen will be removed from the 8-carbon bonded to the fewest 
hydrogens as expected. In the second elimination reaction, a hydrogen will be removed from the B-carbon 
that results in the formation of a conjugated double bond. 

CH, CH; CH, CH: CH; CH, 


снн наев А CIRCE GHCHICHEHCHS CH,C-CHCH-CHCHCH, 


CI Cl CI major product = (£)-stereoisomer 
minor product = (Z)-stereoisomer 


Because both reactants in the rate-limiting step are neutral, the reaction will be faster if the polarity of the 
solvent is increased. 
a. Increasing the polarity decreases the rate of the reaction because the concentration of charge on the 


reactants is greater (the reactants are charged) than the concentration of charge on the transition state. 


b. Increasing the polarity decreases the rate of the reaction because the concentration of charge on the 
reactants is greater (the reactants are charged) than the concentration of charge on the transition state. 


c. Increasing the polarity increases the rate of the reaction because the concentration of charge on the 
reactants is less (the reactants are not charged) than the concentration of charge on the transition state. 
a. СН.Вг + НО" и СИОН + Br 
НО“ is a better nucleophile than H,O. 


b. СНО + HO^ CH4OH + Г 
Г is a better leaving group than СІ. 

с. CH4Br + NH, | ——- CH4NH, + Br 
МН, is a better nucleophile than H,O. 


а. CH,Br + НО“ 0750 CH,0H + Br 


Unlike ethyl alcohol, DMSO does not stabilize the nucleophile (and, therefore, decrease the rate of the 
reaction) by hydrogen bonding. 


+ 
е. СНзВг + NH, ЕН CH;NH, + Br 


A more polar solvent stabilizes the transition state more than it stabilizes the reactants. (EtOH is ethanol.) 
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60. 


61. 
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Solved in the text. 
Acetate ion is a better nucleophile in dimethyl sulfoxide because dimethyl sulfoxide does not stabilize the 
negatively charged nucleophile by ion-dipole interactions, whereas methanol does stabilize it by ion-dipole 


interactions. 


Only ап Sy1 reaction gives the product with retention of configuration. Therefore, water (a poor nucleo- 
phile) should be used for the reaction. 


Because a strong base is used in the Williamson ether synthesis, the reaction is an 542 reaction, so a 
competing E2 reaction can also occur. The elimination product is a minor product because substitution is 


favored when the alkyl halide is primary. 


a. СНзСН,СН,Вг + CH3CH,CH,CH,0- — CH4CH;CH;CH;OCH;CH;CH; T CH4CH-—CH; 


butyl propyl ether propene 
b. CH4CH;CH;CHjBr + CH,CH;CH;0 — CH;CH;CH;CH;OCH5CH5CH; + CH4CH5CH—CH; 
butyl propyl ether 1-butene 


To maximize the amount of ether formed in the 5,2 reaction, make sure the less hindered group is 
provided by the alkyl halide. In order to convert the alcohol (pK, ~ 15) to an alkoxide ion in a reaction 
that favors products (in parts a, b, and c), a strong base (H7 ) is needed. 


e ЛЕ ji 
CHCH 
a. CH,CH,CHoH Н CH,CH,CHO- С сн CH, CHOCH;CH;CH, 
b.  сњснзснснон,он шн снуснусн,снсн;О- сенн CH;CH/CH:CHCH,OCH:CH 
CH; CH; CH; 


© ( Уо .NaH _ ( e CHBr OCH; 


In part d, HO™ can be used to convert phenol (pK, ~ 15) to phenoxide ion in a reaction that favors 
products, because phenol is a considerably stronger acid than an alcohol. 


NaOH 


Remember that aryl halides cannot undergo 5,2 reactions. 


сн, СН: CH; сн, 
сњс— Br == cH pon + сну осн, +  CH.C—CH, 


СН» СН» СН» 
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СНз 
| H3C CH3 H3C CH2CH3 A tertiary alkyl halid 
но- N / N Я [y duy adde 
63. кєн —— „с=с, + С=С cannot undergo а 
Br H CHCH; H CH; substitution reaction 
major —€— under Su2/E2 conditions. 
CH; CH; 
| њо | Шс. „СНз H3C „СНәСН» 
CH3;CH,CCH,CH; — ——- СЊСЊССЊСН + с=с; + с=с; 
| 18 H CH4CH; H CH; 
minor 
64. a. Но ~~ Br because it forms a six-membered ring, whereas the other compound 
would form a seven-membered ring. A seven-membered ring is 
more strained than a six-membered ring, so the six-membered ring 
is formed more easily. (See Table 3.8 on page 124 of the text.) 
b. TOS od к because it forms a five-membered ring, whereas the other com- 
r 


pound would form a four-membered ring. A four-membered ring is 
more strained than a five-membered ring, so the five-membered ring 
is formed more easily. 


€ HO. ^ „чч because it forms a seven-membered ring, whereas the other com- 
Br pound would form an eight-membered ring. An eight-membered 
ring is more strained than a seven-membered ring, so the seven- 
membered ring is formed more easily; also, the Br and OH in the 
compound that leads to the eight-membered ring are less likely to 
be in the proper position relative to each other for reaction because 
there are more bonds around which rotation to an unfavorable 
conformation can occur. 


65. a. When hydride ion removes a proton from the OH group, the alkoxide ion cannot react in an intramo- 
lecular reaction with the alkyl chloride to form an epoxide, because it cannot reach the back side of the 
carbon attached to the chlorine. Therefore, the major product will result from an intermolecular reaction. 


Q EUN Q ~ 
а О 


а OH 


b. Hydride ion removes a proton from the OH group more rapidly than it attacks the alkyl chloride. Once 
the alkoxide ion is formed, it attacks the back side of the alkyl chloride, forming an epoxide. (Removing 
a proton from an oxygen is always a fast reaction.) 


а Он c ~ igi © 
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Hydride ion removes a proton from the OH group and the alkoxide ion attacks the back side of the 
carbon attached to the bromine, forming a six-membered ring ether. 


O 


NaH 


BrCH,CH,CH,CH,CH,OH Br CH,CH,CH,CH,CH,O? 


d. Hydride ion removes a proton from the OH group and the alkoxide ion attacks the back side of the 


е. 


carbon attached to the chlorine, forming an epoxide. 


CH 
ie А | 
CH; CH;CCH;CI ЕН НЫ CHCH; ~ 
OH E 


After the halohydrin is formed, hydride ion removes a proton from the OH group and the alkoxide ion 
forms an epoxide. 


Cl NaH 
CH;CH,CH,CH = CH, на eae) al Co CH,Cl è PEREA ут CH,Cl 
| OH од 
CH4CH;CH; 
O 


66. In parts a and b, a bulky base is used to encourage elimination over substitution. 


Br || 
еп-Вио- Q RCOOH e б 
Вг Вг ОН 
tert-BuO- Вг» | 
_——> ———s + 
@ ЊО X CX 
"OH Br 


2 : 


Вг Вг 
b. СУ tert-BuO^ g Во СТ 
| "Br 
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67. 


69. 


70. 
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| CH 
ә 
CH=CH, СНСН,Вг сё 
с. Вг, Мн, 
СН»СЬ excess 
1. RBH/THF 
2. НО”, H20;, НО 
n 
i „СН2СН 
| 
СН 
CH=CH, CHCH,Br сё 
а. CY " CY DNE CY 
1. NaNH, 
2; CH3CH3Br 
HCH 
CHCH;CH;CH, cz Ce eH 
2 
а. CH;CH,CH,OH с. CH;CH,CH,SCH, е. CH,CH,CH,OCH, 
b. CH,CH,CH,NH, d. CH,CH,CH,SH f. CH,CH,CH,NH,CH, 


(Notice that the product in part с is not protonated because its pK, is ~ —7; the product in f is protonated 
because its pK, is ~ 11. In part f£, CHN H(CH;CH;CH;); and CH;N(CH,CH,CH; )3 can also be formed, 
depending on the concentration of 1-bromopropane; see Problem 16 on page 404 of the text.) 


If the atoms are in the same horizontal row of the periodic table, the stronger base is the better nucleophile. 
If the atoms are in the same column, the larger atom is the better nucleophile in the protic polar solvent 
because the solvent forms stronger hydrogen bonds with the smaller atom. 

а. НО“ с. Н,5 е. I 

b. NH; d. HS” f. Br 


The weaker base is the better leaving group. 


а. H,O с. Њ5 е. F 
b. H,O d. HS f Br 
а. НО" с. CHjNH, e. CH;CHS. g CEN 
|| M 
b. CH,O- d. HS f. CH,CO- h. CH,CH,C=C 


In part с, a tertiary amine and a quaternary ammonium ion can also form unless a large excess of CH4NH» 
is used. (See Problem 16 on page 404 of the text.) 
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74. 


75. 


а. 


b. 
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The rate will be increased nine-fold. 

The reaction will be slower because of the more polar solvent. 

The reaction will be slower because the leaving group will be poorer. 
The reaction will be slower because there will be more steric hindrance. 


The reaction will be slower because the leaving group is poorer. 
The reaction will be slower because it will be an Sy2 reaction with a poor nucleophile, and the leaving 
group is poorer. 


Br МЊСНз МНСНз 
@ НВг СУ CH3NH) CY HO- CY 


(A large excess of methylamine has to be used in the second step to minimize the formation of a 
tertiary amine and a quarternary ammonium ion.) 


H 


Half of the cyclohexene is converted to bromocyclohexane, and half is converted to an alkoxide ion. 
The ether is formed from the reaction of bromocyclohexane with the alkoxide ion. 


Br 
we О0О) 
OH од 
| 
CH3CH;S > СЊСЊО“ > CH3CO™ c NH, > НО 


( У > C 279 d I > Br > СГ 


The pK, will increase (it will be a weaker acid) because of a decreased tendency to form a charged species 
in a less polar solvent. (See Problem 57 on page 442.) 
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76. а. СН» 
Ps EUN CH; qe CH; 
Br CH,CCH, ©%СнОн, checi; " Снн, 
H20 
CH Br СГ ОСН»СН» OH 
pou 
CHsCCHs 
с? 

b. The products are obtained as а result of the nucleophiles reacting with the carbocation. 2-Bromo- 
2-methylpropane and 2-chloro-2-methylpropane form the same carbocation, so both alkyl halides form 
the same products. 

77. а. The Sy2 reaction takes place with inversion of configuration. 
CH;CH;CH; CH;CH;CH; 
l о еш | 
Br^ VH H'/ СОСН» 
CH; СН» 
(R)-2-bromopentane (S)-2-methoxypentane 
or 
CH; CH; 
Br H ue H OCH; 
CH»CH2CH3 CH;CH;CH; 


b. The 5,1 reaction takes place with inversion of configuration. 


CH,CH, CH,CH, CH,CH, 
_CHOH _ | | 
CH,CH,CH,CH,~ WX CH, CH,CH,CH,CH, "СН: +  CHj;7 ~CH,CH,CH,CH, 
Br OCH; CHO 


(R)-3-bromo-3-methylheptane 
or 

СЊСНа 
Вг СН; 


CH,CH,CH,CH, 


о 


CH,OH 


CH30” 


CH,CH=CHCH,Br 


CH30H 


f. CH4CH—CHCH,Br 


CH,OH 
——— 


CH 


(R)-3-methoxy-3-methylheptane (S)-3-methoxy-3-methylheptane 


CH,CH, CH,CH; 
CH;0 CH; + CH; OCH; 
CH,CH,CH,CH; CH,CH,CH,CH; 


CH4CH40H 
( у сња ee (у сњосњењ, 


›==СНСН›ОСН» 


CH,CH — CHCH,OCH; 


CH,CH—CHCH,OCH, + CH,CHCH=CH, 


OCH; 
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"~ 
"QA, © === Q 
+ 


79. 


80. 


+ 
CHBr СН» СН» 
У — XX Cr 
+ Вг 


Вг OCH;CH; 
Both the R and 5 
stereoisomers are obtained. 


+ 


сњсњон | сњсњон| 
СН»ОСН»СН» СН» 
+ 
OCH;CH; 
Both the R and 5 
stereoisomers are obtained. 
c. 27 ow aww A we 
—>» + <_< + 
Br Вг 
| СНзСН2ОН | CH3CH;OH 
Г SS 
OCH;CH; OCH,CH; 
This compound has an asymmetric This compound has an asymmetric 
center, so both the R and S center, so both the R and 5 
stereoisomers are obtained. stereoisomers are obtained. 


Methoxide ion is a better nucleophile in DMSO, because DMSO cannot stabilize the ion by ion-dipole 


interactions. 


a. pow CHS- DE эл. PES: The nucleophile is less sterically 
Cl S hindered. 


но" The electron-withdrawing oxygen 
b ^ o^ ^ad Зо Хон + cr 


increases the electrophilicity of the 
carbon that the nucleophile attacks. 


H20 


Steric strain is decreased when the 

alkyl halide dissociates to form the 

H20 _ . ЛЫ 

с. CI aui OH + њо + а carbocation because the hybridiza 
tion of the carbon changes from 

sp? to sp?, allowing the bond angle 


between the bulky groups to increase 
from 109.5° to 120°, which allows 
more room for the bulky groups. 
Relieving steric strain causes the car- 
bocation to be formed more rapidly. 
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81. 


82. 


83. 


84. 


85. 


Chapter 9 


d. 


a. 


d 


(CH3)3CBr 


но 


(CH3)3COH + HBr Because the reactants are neutral, 
the reaction is faster in the more 
polar solvent. 


CH; 
Ө; Cl This is the only one that can undergo an E1 reaction. 


1. 


2. 


m- 


ә d 


An El reaction is not affected by the strength of the base but, if the reaction can take place by both 
an El and 22 reaction, a weak base will favor the El reaction by disfavoring an E2 reaction. 

An ЕІ reaction is not affected by the concentration of the base but, if the reaction can take place by 
both an ЕІ and 22 reaction, a low concentration of a base will favor the El reaction by disfavoring 
an E2 reaction. 

If the reactant is charged, an Е1 reaction will be favored by the least polar solvent that will dissolve 
the reactant (generally an aprotic polar solvent). If the reactant is not charged, an Е1 reaction will 
be favored by a protic polar solvent. 


A strong base favors an E2 reaction. 
A high concentration of a base favors an E2 reaction. 


If one of the reactants is charged, an E2 reaction will be favored by the least polar solvent that will 
dissolve the reactant (generally an aprotic polar solvent). If neither of the reactants is charged, an 
E2 reaction will be favored by a protic polar solvent. 
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a. CH,CH,CH,CH, e. CH,CHCH=CH, 
stabilized by electron delocalization (resonance) 
+ - 
b. CH4CHCH;CH; f. сн нени) 
CH; 
c. CH,;CHCH=CH, в. CHjCCH,CH, 
stabilized by electron delocalization | 
(resonance) CH; 


d. NUM =CH) 
CH3 


He obtained only the elimination product because a tertiary alkyl halide does not undergo ап Sy2 reaction. 
Because of steric hindrance, only an E2 reaction occurs. 


СНз СН; 
CH3CCH; + CH4CH;0^ CH43C—CH; 
Cl predominant product 


Rather than a tertiary alkyl halide and a primary alkoxide ion, he should have used a primary alkyl halide 
and a tertiary alkoxide ion. They will react in an Sy2 reaction to form the desired ether. 


CH, CH; 


| | 
CH3CH,Cl + сие CH;COCH,CH; + СГ 
СН» СН» 


Although the Williamson ether synthesis (ап 542 reaction) is the preferred way to synthesize an ether 
because it gives higher yields, the ether also could be synthesized using an $1 reaction. 


CH, CH, 
CH CBr + CH,CH,OH — CH;COCH,CH; + HBr 
CH, CH, 
HO- 
а. (CH3)3CBr НО „C=C + Br 


CH; 
because Вг” is a better leaving group than СТ 


H 

H 

b. н СНз This compound is the only one that can undergo an E2 reaction because the 
other compound does not have an axial hydrogen bonded to a B-carbon. 

CH; 

CH; This compound will not be able to undergo an E2 reaction because it does not 

н Н have an adjacent Н and Br that are both attached to axial bonds. 
H Br 
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89. The very minor products that are obtained from “anti-Zaitsev” elimination (that is, the less substituted . 
alkenes) are not shown. 


a. CH;CH»CH> H СЊСЊСН СНз 
М у \ 
с=с + C—C 
/ N / \ 
H CH; H H 
major minor 


b. The reactant has two 8-сагбопз that are attached to two hydrogens, so the reaction is not regioselec- 
tive. Therefore, two constitutional isomers can be formed. Each constitutional isomer has E and Z 


stereoisomers. 
CH3CH;CH; H CH3CH;CH; СНз СЊСН Н CH3CH; . CH9CH5 
с=с + с=с + C=C + с=с 
/ \ ЈЕ \ / 
CH; СН» СН; Н CH; CH,CH, СН» Н 
тајог minor major minor 


c. trans-1-Chloro-2-methylcyclohexane has two stereoisomers. 


A hydrogen cannot be removed from the B-carbon bonded to the fewest hydrogens because that hydrogen 
is not attached to an axial bond. 


CH; CH; 
+ 
CI 


СН» СН» = 
са =" у] — 
— + 
Cl 


d. trans-1-Chloro-3-methylcyclohexane has two stereoisomers, and each can form two elimination products. 


Cl Cl 
Sa oo = 
CH3 СН» СН» CH; CH3 СН» 


e. CH3CH; H CH3CH; CH; 
C=C + С= E 
CH3 CH3 СН» Н 
тајог minor 
Г. CHCH: H CH3CH; CH; 
N 
с=с + C=C 
/ / 
СН» CH3 СН» Н 
тајог minor 
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а. 3-Bromocyclohexene forms 1,3-cyclohexadiene; bromocyclohexane forms cyclohexene. 3-Вгото- 
cyclohexene reacts faster in an E2 reaction, because a conjugated double bond is more stable than an 
isolated double bond. So the transition state leading to formation of the conjugated double bond is 
more stable and, therefore, the conjugated double bond is easier to form. 


Br Br 
E2 E2 
base base 


b. 3-Bromocyclohexene, because it forms a relatively stable secondary allylic cation. The other com- 
pound is a secondary alkyl halide, so it does not undergo an El reaction. 


F0 Q0 


That fact that the change from hydrogen to deuterium affects the rate of the reaction tells us that the C-H 
(or C-D) bond is broken in the rate-limiting step. This is consistent with the mechanism for an E2 reaction 
but not for the mechanism for an E1 reaction. 


Alkyl chlorides and alkyl iodides could also be used. Do not use alkyl fluorides because they have the 
poorest leaving groups and cannot undergo Sy2 reactions. 


CH3Br 


a. CHiCHCH;CH; CH4CHCH;CH; 


О ОСН» 


b. CH,CH,CH,CH,Br 289. (CH,CH,CH,CH,OCH, 


CH3NH; 
————— M 


+ - 
с. CH4CH;CH;CH,Br CH,CH,CH,CH;NH,CH, -H9.  CH4CH;CH;CH;NHCH, 


a. ethoxide ion, because elimination is favored by bulky bases and tert-butoxide ion is bulkier than 
ethoxide ion 


~ SCN because elimination is favored by strong bases and ОСМ is a stronger base than “SCN 
с. Br because elimination is favored by strong bases and СТ is a stronger base than Br~ 
d. CH3S' because elimination is favored strong bases and СНЗО“ is a stronger base than CH3S ^ 


The first compound listed below is the most reactive compound because it has two axial hydrogens attached 
to B-carbons. The second compound has one axial hydrogen attached to а B-carbon, but it cannot form the 
more substituted (more stable) alkene that can be formed by the first compound. The last compound cannot 
undergo ап E2 reaction because it does not have an axial hydrogen attached to a B-carbon. 


CH; CH; CH; 
Br "Br "Br 
H СН» CH; 
H H CH; 
CH; 2 > 
Вг Вг Вг 
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95, Draw the carbocation that each compound forms in an 5,1 reaction. Because carbocation formation is the 
rate-limiting step, the more stable the carbocation, the faster is the rate of the Sy1 reaction. 


4 on > Са 
о о о 


most stable carbocation least stable carbocation 
because it is aromatic because it is antiaromatic 


О 


96. а. The stereoisomer formed in greatest yield is the one in which the larger group attached to one sp? 
carbon and the larger group attached to the other sp? carbon are on opposite sides of the double bond. 


CH CH 
Е 
С=С 
/ \ 
(CH3)3C H 


b. No stereoisomers are possible for this compound because one of the sp? carbons is bonded to two 
hydrogens. 


CH; CH3 
CH3;C— C— CH=CH) 
СНз CH3 


c. No stereoisomers are possible for this compound because one of the sp? carbons is bonded to two 
methyl groups. 


а N 
СН» СН»СН» 


d. Because it is ап E2 reaction and only one hydrogen is attached to the B-carbon, the stereoisomer 
formed in greater yield depends on the configuration of the reactant. The reactant can have four differ- 
ent configurations: 5,5; S,R; R,R; and R,S. To determine the product of the reaction: 


1. Draw the skeleton of a perspective formula, putting the groups to be eliminated on the solid lines. 
Notice that on each carbon, the solid wedge is below the hatched wedge. 


Br т 
N S 
ut C Nu C = 
« Nu 
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Add the remaining groups to the structure in a way that gives the asymmetric centers the desired 
configurations. For example, the structure below is (35,45)-3-bromo-3,4-dimethylhexane. 
Br CH3 


N — Za CH2CH3 
CH;CH? C — С 


СНз Н 


(35,4S)-3-bromo-3,4-dimethylhexane 


Because the groups to be eliminated are both attached to solid lines, they are anti to each other. 
„СНз 


Za CHCH 
CH,CH, С — 207 


Once the groups are eliminated, you can draw the structure of the alkene product. (The groups 
attached to the solid wedges are on the same side of the double bond, and the groups attached by 
hatched wedges are on the other side of the double bond.) 


CH3CH CH 
О 3 


/ 
CH3 CH;CH; 


(E)-3,4-dimethyl-3-hexene 


The configuration of the elimination product obtained from each of the other three stereoisomers 
can be determined in the same way. 


Br ,CH2CH3 СН»СН» СН»СН»5 
а СН — 
єнәєн y C—C 3 —— с=с; 
СН» Н СНз СН» 
(35,4К)-3-ргото-3,4-фитећућехапе (Z)-3,4-dimethyl-3-hexene 
Br ,CH2CH3 CHCH; СН; 
N а СНз МА nl 
Св“ С —— „с=с 
CH;CH; H СН» CH,CH3 
(3R,4R)-3-bromo-3,4-dimethylhexane (E)-3,4-dimethyl-3-hexene 
Br CH; CH; СН» 
\ A N / 
CH, C— CHEN с=с 
CH;CH; H CHCH; CH2CH3 
(3R,4S)-3-bromo-3,4-dimethylhexane (Z)-3,4-dimethyl-3-hexene 
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| CH; 
Br CH; 
_ These reagents cannot be used because the ary! halide 
CH3CO cannot undergo a substitution reaction. 
CH; 
СНз CH; СНз CH; CH; CH; 
b | 
CH,C—CHCH, ——~  CH,—C—CHCH, + CHyC=CCH; 
| i 2,3-dimethyl-1-butene 2,3-dimethyl-2-butene 
СЊСНз 
а. CH3CH;CO^ Because it is the most sterically hindered base, B gives the highest 
percentage of the less stable 1-а!кепе because it is easier for it to 
CH2CH; remove the most accessible hydrogen. 
b. СЊСЊО“ Because it is the least sterically hindered base, C gives the highest 
percentage of the more stable 2-alkene. 
а. < NN NCHCH3s е. СУ “осн, 
SCH; 
b МС + „См + dii f. rA 
OH 
< 
с. + 5 
ОН 
d. 


This ether cannot be made by a Williamson ether synthesis. 


CH; 


СН.СВг These reagents cannot be used because the tertiary 
2 alkyl halide undergoes only an elimination reaction. 


ОСН, ~ 
h. t 


This primary alkyl halide forms more than the 
usual amout of elimination product because the 
new double bond is conjugated with the benzene 
ring. Its greater stability makes it easier to form. 
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а. These аге Sy2/E2 reactions, because the alkyl halide is secondary. 


CH3O^ 
CH;0H 
с! CH(CH3); 


CH(CH3); 


PINE TER + 
СНЗОН m, 


(снусн Cl (CH3),CH ОСН; (СНз)СН 


b. Only the substitution products are optically active; the elimination product does not have an asymmetric 


center. 
с. 
СНО“ a 
S CH3OH 
а СНО СН(СН»)» CH(CH3); 
СНО“ 
A CH30H 2: 
(CH3)5;CH Cl (CH3);CH ОСНз (CH3)2CH 


All the products are optically active. 


d. The cis enantiomers form the substitution products more rapidly, because there is less steric hindrance 
from the adjacent substituent to back-side attack by the nucleophile. 


e. The cis enantiomers form the elimination products more rapidly, because the alkenes formed from the 


cis enantiomers are more substituted and, therefore, more stable. The more stable the alkene, the lower 
the energy of the transition state leading to its formation and the more rapidly it is formed. 


CHBr CH, CH, CH) 
A 


enn CH;CH;0H 
СТ CH;OCH;CH; | | СН» 


ОСН»СН» 
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In an E2 reaction, both groups to be eliminated must be in axial positions. 


When the bromine is in the axial position in the cis isomer, the tert-butyl substituent is in the more stable 
equatorial position. 


When the bromine is in the axial position in the trans isomer, the tert-butyl substituent is in the less stable 
axial position. 


Therefore, elimination takes place via the most stable conformer in the cis isomer and via the less stable 
chair conformer in the trans isomer, so the cis isomer undergoes elimination more rapidly. 


(CH3)3C ae AF 


(CH3)3C 
cis-1-bromo-4-tert-butylcyclohexane trans-|-bromo-4-tert-butylcyclohexane 


a Avs + А ee ӨӨН; 


ол мыл ыле л> 


тајог minor major minor OCH; 
Р di od + ми + d id + Z 
major minor major minor 


d. i =“ + ү + ub diu + ^ | о и dip di d 
OCH; CH;0 
major minor major minor 
e 4M 
OCH3 


f. по substitution or elimination reaction 


The reactants are neutral. Therefore, increasing the polarity of the solvent increases the rate of the reactions. 
Therefore, the reaction is faster in formic acid, the more polar of the two solvents. 
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105. а. Wecan predict that this is ап 5,1 reaction because acetate ion is a relatively poor nucleophile. 


СН» СН» СНз 
CH3CCH-—CHCH;CH; ——= сене снега -—— СНС = СНСНСН›СН; 
L bi : + Cr 
О О 
d: CH;CO™ 
CH; CH; 
CH4CCH—CHCH;CH,; + CH;C==CHCHCH,CH; 
сй | bch, 
| | 


b. We сап predict that this is an Sy1 reaction because acetate ion is a relatively poor nucleophile. 


CH; - CH} CH; 
+ 
Br 
О О 
|| N 
CH;CO™ CH;CO 
CH; || 
CH3CO СН» 
d @ 
ОССН» 
| 
О 
= H 
106. а. CH,CH,CHjBr + HC=C ——~ CH,CH,CH,C == СН — + CHSCH;CH;CH;CH, 
О 


H,SO,, Н250, 
—›ь 


[ 
T CH4CH,CH,CCH; 


b. CH,CH,CHBr + HC=C ——= CH,CH,CH,C =CH 


Е 1. R,BH/THF 
с. CH,CH,CH,Br + НСЕС` ——+ CH,CH,CH,C=CH ўно но“ 5 
| 
CH,CH,CH,CH,CH 
= H 
d. CH;CH,CH,Br + НСЕЕС — CH4CH,CH;C =CH Tm CH;,CH,CH,CH==CH, 
catalyst | 
| ЕСООН 
О 


АЛМ 
CH4CH;CH;CH s CH, 
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107. 


108. 


109. 


110. 


Сћаргег 9 


The equilbrium contstant is given by the relative stabilities of the products and reactants. Therefore, any 
factor that stabilizes the products increases the equilibrium constant. 


_ [products] 


4 [reactants ] 


Ethanol will stabilize the charged products more than will diethyl ether because ethanol is a more polar 
solvent. Therefore, the equilibrium will lie farther to the right (toward products) in ethanol. 


a. The reaction with quinuclidine had the larger rate constant because quinuclidine is less sterically hin- 
dered as a result of the substituents on the nitrogen being pulled back into a ring structure. 


b. The reaction with quinuclidine had the larger rate constant for the same reason given in part a. 


с. Isopropyl iodide exhibits the larger difference in rate constants and, therefore, the larger 
kquinuctidine/ Kuiethylamine ratio. Because it is more sterically hindered than methyl iodide, it is more 
affected by differences in the amount of steric hindrance in the nucleophile. 


Because methanol is a poor nucleophile, it is an Sy1 reaction. The bromine that departs is the one that forms 
a secondary benzylic cation and not the one that would form a secondary carbocation. The nucleophile 
can approach from the top or bottom of the planar carbocation. 


OCH; OCH; 


CX 
Br Br 


Because all the reactions аге 5,2 reactions, the configuration of the asymmetric center attached to the Br in 
the reactant is inverted in the product. 


СЊСНз 
а. СЊО Н 
ссн ог | CH30 
H / N 
CHCH; CH:CH3 (agas) 
Kun 
СНСН; 
b. СНзО Н 
ee C-^CH)CH, 9 CH30 H 
an E H CH 
CH Я 
еее 3 (3R,4R) 
CH;CH; 
СН›СН» 
с. CHCH, Н 
ge C—C- CHCH; or H OCH; 
| / `сн H CH; 
Sue 3 (35,4R) 
| CH;CH; 
CH;CH; 
x H 
i ш А ОСН; 
“C—C on 
ни 
CHO CHCH (3545) 
CH;CH; 
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In reactions a-d, the B-carbon from which the hydrogen is to be removed is bonded to only one hydrogen. 
Therefore, the configuration of the reactant determines the configuration of the product of the E2 reaction. 


To determine the configuration of the product, see the instructions in the Problem-Solving Strategy on page 425. 


Cl CH; СН» СН» 
N „Sa CHCH NU d 
H H H CH;CH3 
(25,35)-2-chloro-3-methylpentane (E)-3-methyl-2-pentene 
Cl .CH;CH3 СН; СЊСНз 
N S N / 
b. сну С = 
Н Н Н CH; 
(25,3R)-2-chloro-3-methylpentane (Z)-3-methyl-2-pentene 
e. «СНз Н ч CH 
c. нс с он с=с; 
СНз Н СН» | СЊСНз 
(2К,35)-2-сМого-3-те у! репгапе (Z)-3-methyl-2-pentene 
С! „СНС; Н СЊСНз 
d 2c— ci 0H “=с/ 
| Hey \ и N 
CH; H CH; CH; 


(2R,3R)-2-chloro-3-methylpentane 


(E)-3-methyl-2-pentene 


e. This reactant has two hydrogens bonded to the B-carbon, so both Z and E stereoisomers are formed. 


CH3CH; СН» CH3CH; H 
C=C + с=с 
/ \ / 
(CH3)3C H (CH3)3C CH3 
major product minor product 


The two tertiary alkyl halides form different products when they react with a strong base (an E2 reaction) 
because the H and Br attached to the ring can be eliminated only if they are anti to each other. Because 
the H and Br are on the same side of the ring in b, a hydrogen has to be removed from the other 
B-carbon (that is, from the methyl group). 
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The two tertiary alkyl halides form the same product when they react with a weak base (ап Е1 reaction) 
because both form the same carbocation. 


In order to undergo an E2 reaction, a chlorine and a hydrogen bonded to an adjacent carbon must be trans to each 
other so they can both be in the required axial positions. Every Cl in the following compound has a Cl trans to it, so 
no Cl has a hydrogen trans to it. Therefore, it is the least reactive of the isomers; it cannot undergo an E2 reaction. 


СІ СІ 
СІ 


The silver ion increases ће ease of departure of the halogen atom by sharing опе of bromine’s lone pairs, 
which weakens the carbon-bromine bond. 


CH;CH=CHCH,— Вг: Ав —— > CH4CH—CHCH, СВА 


CH;CH=CHCH, + AgBr 
For a description of how to do this problem, see the Problem-Solving Strategy on page 425. 


Br CH; CH3CH CH 
^c c СЊСН CH30* É = с“ ; 
а. Сн;Сн; С C. | а“ 
Н H CHCH; 
(38,45)-3-bromo-4-methylhexane (E)-3-methyl-2-pentene 
Н. „СНз 
+ CH;CH? C— ELE 
CH30 H 
Bt. ,CH2CH; бе н „Си 
b. НС СНз —— с=< 
4 N Ж N 
CH3CH3 H CH3CH) CH3 
(3R,4R)-3-bromo-4-methylhexane (E)-3-methyl-2-pentene 
БА „СН2СНз 
+ cmos C—C" 
CH3CH) H 
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Br CH2CH3 СНзСН CH;CH 
c 2c—c24CH Ime. еси 
е CH3CH2"y, \ / N 
H H H СН» 
(3S,4R)-3-bromo-4-methylhexane (Z)-3-methyl-2-pentene 
H CH;CH; 
а CH 
+ CHCH; C— С” 3 
СЊО Н 
xt scHs CH307 пе у“ 
d. H» C—C CHCH — с=с; 
СНзСНо Н CH3CH; СН›СН; 
(3R,4S)-3-bromo-4-methylhexane (Z)-3-methyl-2-pentene 
H „СНз 
а CHCH 
+ — CHO C— C 770 
CH3CH) H 

а. CH4CH;CD—CH, and CH4CH;CH—CH; 

b. The deuterium-containing compound results from elimination of HBr, whereas the non-deuterium- 
containing compound results from elimination of DBr. The deuterium-containing compound is 
obtained in greater yield, because a C—H bond is easier to break than a C—D bond. 

CH; ОСН; 
ТИ оси, + AAT 
tert-BuO^ m^ Вг» 2"МН; == 
a. СЊСЊСЊСЊВг — 7. CH,CH;CH—CH, —2+ CH3;CH,CHCH,Br ——> CH34CH;CECH 
Br | 
"NH; 
|| CH 
CH4CH;C — CH;CH;CH; CH4CH;CEccH,cH, -EAE сњењс=< 
теп-ВиО" 

Br. ^77 excess di [~ А ` H, 

Br ~ Diels-Alder Pd/C 
reaction 


One equivalent reacts 
in the Diels-Alder 
reaction as a diene and 
the other as a dienophile. 
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119. а. Both compounds form the same elimination products because they both have hydrogens bonded to the 


same f-carbons that are anti to the bromine. 
Н 
H 


cis-4-bromocyclohexanol 


H 
om + HO 
H 


trans-4-bromocyclohexanol 


b. Only the trans isomer can undergo an intramolecular substitution reaction because the Sy2 reaction 
requires back-side attack. 


trans-4-bromocyclohexanol 


The cis isomer can undergo only an intermolecular substitution reaction. 


ню YE + HO: SS но Yon 


cis-4-bromocyclohexanol 
c. The elimination reaction forms a pair of enantiomers because the reaction creates an asymmetric cen- 
ter in the product. Both substitution reactions form a single stereoisomer, because the reaction does not 
create an asymmetric center in the product. 


120. а. LCH,CH,CECCH,CH, 2. CH,CH,CH,OCH, 
b. CH,CH,C=C + CH3CH,CH,CH,Br or СН;СН,СН,СН,С==С + CH3CH,Br 


с. CH,CH)O + S НЕНЕН Н: ог ај + СН;СН,Вг 
Сн, CH, 
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121. А tertiary carbocation with a strained four-membered ring is less stable than a secondary carbocation with 
an unstrained five-membered ring, so a carbocation rerrangement occurs. A second carbocation rearrange- 
ment forms a tertiary carbocation. 


CH; 


CH, CH, 
| ; | м) СН» CH; 
ссы, — Q2 ==: е — 
by 3 + - 3 $ ^ 
CI Cl | сн.дн 
CH, CH; 
H 
CH,ÓH ЕНЕ 22882 ү 
H + OCH,  CHjOH ae 
а 


122. Tetrahydrofuran can solvate a charge better than diethyl ether can, because the floppy ethyl substituents 
of diethyl ether provide steric hindrance, making it difficult for the nonbonding electrons of the oxygen to 
approach the positive charge that is to be solvated. 


acetone 


123. СЊСЊС + K'Tr —===— CH;CHj + K*Cr 


SN 


КСГ precipitates out 
in acetone, which drives 
the reaction to the right. 


124. a. 


Br Br Br Br 
ОСА — CO — СХ СХ 
ө, + „+ + 
64 "Br U^ N О Ссн; О Осн: 
О Н H 


+ НВ? + HB* 


b. Two products are obtained because methanol can add to the top or bottom of the planar double bond. 


с. One bromine is eliminated with the help of one of oxygen's lone pairs, forming a species in which 


the positive charge is shared by a carbon and an oxygen. The oxygen cannot help eliminate the other 
bromine. 
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125. Н 
Н Н 
cis CH,0- н СНз 
Sy2/E2 
CH р N CH осн 

There is only a substitution product. 
The reactant does not undergo elimination because when С] is in an 
axial position, neither of the 8-carbons is bonded to an axial hydrogen. 

126. 


СНзОН 
n f 
+ +OCH 
cOCHs ore 
Н Н.в 
CB | 
= f 
OCH; 
OCH; HB 
HB’ 
BR „СНз 
127. а. сс СвН$ 


Н СН 
Nis. ge 
| не; 4 == C=C 
C6H5 H 
(15,2S)-l-bromo-1,2-diphenylpropane 


(Z)-3-methyl-2-pentene 


b BE. ,CeHs Ho 
до С 69 —— с=с 
4 N 
C6H5 H CH; 


(15,2К)-1-бгото- 1,2-фрћепу!ргорапе 


(E)-3-methyl-2-pentene 
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128. А Diels-Alder reaction between hexachlorocyclopentadiene and 1,4-dichlorocyclopentene forms 


chlordane. 
Cl 


Cl Cl 


Cl 
+ а! 
Cl 


129. Г isa good nucleophile in a polar solvent such as methanol, so it reacts rapidly with methyl bromide, causing 
the concentration of Г to decrease rapidly. 


Cl 
Cl 


..— "A fast .. — 
1: + Сњ—Вг —— сњ—1 + :Вг: 
Жш. у 


Г is a good leaving group, so methyl iodide undergoes ап 5,2 reaction with methanol. 
Methanol is a poor nucleophile, so the Sy2 reaction is slow. Therefore, iodide ion returns slowly to its 
original concentration. 

А slow 


CHÜH + CH;—I ———~ CH30CH; + :I? + Ht 
и 


130. It does not undergo an Sy2 reaction, because of steric hindrance to back-side attack. 
It does not undergo an Syl reaction, because the carbocation that would be formed is unstable; the ring 
structure prevents it from achieving the 120° bond angles required for an sp? carbon. 


131. Тһе equation needed to calculate Кы from the change in free energy is given in Section 5.6. 


—AG? 
In Keg = Rr 


_ —(—21.7 kcal mol!) _ 217 
п Кеа = 1.001986 kcal mol КОХ 303K ^ 0.60 
In Ка = 36.1 

Ка = 4.8 X 10” 


As expected, this highly exergonic reaction has a very large equilibrium constant. 
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Chapter 9 Practice Test 


1. Which of the following is more reactive in ап Sy1 reaction? 
a. {_У—сннн, ог {_У—сынс, 
Вг Вг 
Вг Вг 


| | 
b. CH,CH—CCH, or CH;CH==CHCHCH; 


2. Which of the following is more reactive in an Sy2 reaction? 
CH; CHCH; 


a. CH,CH;CHBr ог  CH;CH,CHBr 


(у ог =“ 


3. Draw the ia of the following reactions, showing the stereoisomers that are formed: 


CHO _ 


CH4,OH 
b. Cre ——- 


CH; 
c. H Br н 
CHCH, 
CH, 
| CH,NH, 


.., 


* сњснх ps H 


CH30H 
е. CH,CH=CHCH,Br ——— 
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Indicate whether each of the following statements is true ог false: 


a. Increasing the concentration of the nucleophile favors an $1 reaction over 
an $м2 reaction. T F 


b. Ethyl iodide is more reactive than ethyl chloride in ап 542 reaction. T F 


c. InanSyl reaction, the product with the retained configuration is obtained 
in greater yield. T F 


d. The rate of a substitution reaction in which none of the reactants is charged 
will increase if the polarity of the solvent is increased. 


е. An Sy2 reaction is a two-step reaction. 


f. The pK, of a carboxylic acid is greater in water than it is in a less polar solvent. 


d Hd Ho = 
т чт "n on 


8. 4-Bromo-1-butanol forms a cyclic ether faster than does 3-bromo-1-propanol. 


Answer the following: 
a. Which is a stronger base, CHO or CH,S 7 
b. Which is a better nucleophile in an aqueous solution, CHO ог СЊ5 ? 
For each of the following pairs of Sy2 reactions, indicate the one that occurs with the greater rate constant 
(that is, occurs faster): 
a. CH3CH;CH;C] + НО” ог  CH4CHCH, + HO- 
а 
b. СЊСЊСЊС + HO or CH3CH;CH;] + HO 
с. CH3;CH,CH,Br + HO ог  СЊСЊСНВг + H,O 


d. CH;CHCH; CHO , оғ СНзСНСН. _С907 
| H30/CH40H | СНЗОН 
Вг Вг 


e. ВСЊСЊСЊСНЊМНСНа or BrCH,CH,CH,NHCH; 


Circle the aprotic solvents. 


a. dimethyl sulfoxide b. diethyl ether c. ethanol d. hexane 


How does increasing the polarity of the solvent affect the following? 

а. the rate of the 5,2 reaction of methylamine with 2-bromobutane 

b. the rate of the 5,1 reaction of methylamine with 2-bromo-2-methylbutane 
c. (ће rate of the 5,2 reaction of methoxide ion with 2-bromobutane 

d. the pK, of acetic acid 

e. the pK, of phenol 
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10. 


11. 


12. 


13. 


Chapter 9 


Which of the following is more reactive in an E2 reaction? 


a. Фи ESAE or ez CH;CH;CHjBr 


Br 
b. Wed ius or сњ= а 
Вг Вг 


Which of the following gives the greater amount of substitution product when it reacts with а good 
nucleophile/strong base? 


CH; CH; 
aa ог CH,CHBr 
CH; 


What products are obtained when (R)-2-bromobutane reacts with СЊО“ / СЊОН under conditions that 
favor Sy2/E2 reactions? Include the configuration of the products. 


What alkoxide ion and what alkyl bromide should be used to synthesize the following ethers? 
CH; 
a. CH3;CH,COCH,CH,CH; 


с. CH;CH,CH,OCH; 


For each of the following pairs of E2 reactions, indicate the one that occurs with the greater rate constant: 


а. СЊСЊСЊС + HO or CH НЕН; + НО 
Cl 
b. СЊСЕЊСЊЕС + HO or  CH4CH;CHj + НО 


с. CH;CH,CH,Br + HO ог CH3CH,CH)Br + НО 


СНЗО_ СНО 
Вг Вг 
СН» 
е. сл HOIS + HO ог ссн, + НО 
Вг Вг 
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What is the major product obtained from the E2 reaction of each of the following compounds with hydrox- 
ide ion? 


Cl 
| Е 
"КА 
Вг 


Вг 


Which is more reactive in an E2 reaction, cis-1-bromo-2-methylcyclohexane or trans-1-bromo- 
2-methylcyclohexane? 
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Reactions of Alcohols, Ethers, Epoxides, Amines, and Sulfur-Containing Compounds 


Important Terms 


alcohol 

alkaloid 

alkyl tosylate 

crown ether 
dehydration 

epoxide 

ether 

inclusion compound 
Hofmann elimination 
reaction 

lead compound 
mercapto group 
molecular modification 
quaternary ammonium ion 
sulfide (thioether) 
sulfonate ester 
sulfonium salt 
thioether (sulfide) 


thiol (mercaptan) 


an alkane with an OH group in place of an H (ROH). 

amines found in the leaves, bark, roots, or seeds of plants. 

an ester of para-toluenesulfonic acid. 

a cyclic molecule that possesses several ether linkages around a central cavity. 
loss of water. 

an ether in which the oxygen is incorporated into a three-membered ring. 

a compound containing an oxygen bonded to two carbons (ROR). 


the complex formed when a crown ether specifically binds a metal ion or an 
organic molecule. 


elimination of a proton and a tertiary amine from a quaternary ammonium hydroxide. 


a prototype in a search for other physiologically active compounds. 
an SH group. 

changing the structure of a lead compound. 

a cation containing a nitrogen bonded to four alkyl groups (R4N * ). 
the sulfur analogue of an ether (RSR). 

the ester of a sulfonic acid (RSO;OR ). 

RSS*X^ 

the sulfur analogue of an ether (RSR). 


the sulfur analogue of an alcohol (RSH). 


356 
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Solutions to Problems 
1. They no longer have a lone pair of electrons. 
2. Solved in the text. 


3. The leaving group of CH,O Н» is H0; the pK, of its conjugate is —1.7. 
The leaving group of СИОН is НО"; the pK, of its conjugate acid is 15.7. 


Because НО“ is а much stronger acid than H,O, ЊО is a much weaker base than HO and, therefore, is 
the better leaving group. Therefore, CH3OH, is more reactive than CH4OH. 


4. Solved in the text. 
О 
5. а. Тон А, Ag A 
2. CH,CH,CO™ 
1. HBr, A + 
2.CH;CH,N(CH;)> ч 


1. HBr, А 
€. CH3CH,CH,CH,OH 22225" CH3CH,CH,CH,C=N 
6. All six alcohols undergo ап 541 reaction, because they are either secondary or tertiary alcohols. The arrows 


are shown for the first protonation step in part a, but аге not shown for that step in parts b, с, d, e, and f. 


А . 
a. CH;CH,CHCH; + НВ === CH;CH,CHCH, === CH,CH,CHCH, + H,O 
T 


ge) ӧн а | 


CHCH, HCH; 
Br 


CH; СН; CH; CH; 
b. HCI + — A MSEN 
OH ^ . (Сон Cl 
H 
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The carbocations that are initially formed in с and а rearrange to form more stable carbocations. 


CH; CH, CH; 


| | 
© сње—снсњ = о И о ено 
СНз ОН ci [^ CH; 
secondary 
carbocation 
1,2-methyl 
shift 
СН» СН» 
CH;C—CHCH; и. с аш 
+ 
Вг СН» СН» 
tertiary 
carbocation 
H 1 ,2-hydride 
d. An HBr ОИ ‘эм. shift 19 
— — + 
OH ЖОН 
H :Вгї 


| 
О 


CH; CH; CH; 1,2-hydride 
es = — H ___5 — 
: К 
(Сон 


СН» rid СН» 4 OH Н; СН» 
CHCH, Ей: ~ 1,2-hydride CHCH; 
f. HCl ___5 — + 
їегпагу 
T 00 A 
secondary 
carbocation "n 
CH; 
CH;CH5 
Cl 


Copyright © 2017 Pearson Education, Inc. 


10. 


11. 


Solved in the text. 


OH OSOCI 
: SOCL : СГ 
b > pyridine АХ М 
H 
OH *OH 
: HCI : 
с. с А d a 
OPC, 
Н РС f cr 
о Se pyridine > 
Solved in the text. 
__РВу _ 
es Я 
"ОН ““ OPBr, 
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Br Br 


Ch = С 
Вг “OCH; 
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1,2-ћудпде 
НВг shift + 
———— ве ——> 
A „+ + 
ОН 


SOCI, cr ө: Кен 
== — 


pyridine 


"OH CI 


TsCl 
pyridine 


“OH OCH; 


| т 
12. а СЊСЊСЊОН PO,  CHCH;CH;SCH;CHs 
2. СНСН>5“ 


b. CH;CH,CH,OH PES. СНУСНСН;ОСНСНСН 
2. Баа | 


CH; СН» 


13. D because it forms a very stable tertiary allylic cation intermediate. 


i | i 
HSO 
14. a стас ое == ан == СЊСЊС—СНСН; 
он СН» Хон СН» CH, + ЊО 


H3C CH 
3 N / 3 
H,0* + с=с 
CHCH; CH3 


1,2-hydride 


H T 
b. ОН uso, Сон + — shift i H50: " 
А = : m + НО 
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СН» СН» СН» 
| HSO; | | 
с. CH3CH2CH— ССН» CH3CH;CH — ССН» = CH;CH?CH — ССН» + H20 
OH CH; fon СН» CH; 
1,2-methy] shift 
нс. CH; D? 
H3O* + С=< -——— CH;CH,CH—CCH; 
"A N | + 
CHCH, CH; CH; 
#2504 
d. СЊСЊСЊСЊСЊОН CH;CH;CH;CH,CH;ÓH ——e- CH3CH;CH;CH — CH; 
+ H30* 
CH3CH, CH; CHCH, H 
T {2и 
њо“ + ^ с} A Ес == CH2CH2CH2CHCH3 
H H H Сн; + H50 


major product 


Н2$04 


+ 
e. СН;==СНСН;СН;ОН => СН;==СНСН;СН;ОН 


==== CH,—CHCH—CH, + H,0° 


f. Ind and f, the reactant is a primary alcohol. Therefore, elimination of water takes place via an E2 
reaction. Because the dehydration reaction is being carried out in an acidic solution, the alkene that is 
formed initially is protonated to form a carbocation. The proton that is then lost from the carbocation 
results in formation of the most stable alkene. 


5 : 


Sl = ФУ = E 
CH;OH CH; OH 
+ H30* 
wo à. 
CH 


15. a. To synthesize an unsymmetrical ether (ROR’) by this method, two different alcohols (ROH and 
R'OH) have to be heated with sulfuric acid. Therefore, three different ethers would be obtained as 
products. Consequently, less than half of the total amount of ether that is synthesized would be the 


desired ether. 


3 


ROR + ROR + ВОВ 


target 
molecule 


ROH + КОН 
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b. It could be synthesized by a Williamson ether synthesis. (See Section 9.15 on page 443 of the text.) 


NaH CH;CH;B 
CH,CH,CH,OH ——» CH4CH;CH,07 227% 


+; CH3 
| . 

H3O* + CY 
CH; 


b. Because a primary carbocation cannot be formed, the dehydration is an E2 reaction. The alkene that results 
is protonated, and the proton that is removed results in formation of the most stable alkene. 


CH34CH;CH;OCH;CH; + Br 


T 
HOH но: ~ 
^ H;0 m" 
H—OSO3H H E2 4 
С О СО иза 
2% СН, ОН CM — CH; 
H + H2O 


17. The strained three-membered ring causes a tertiary carbocation with a three-membered ring to be less 
stable than a secondary carbocation with a less strained four-membered ring. The secondary carbocation 
then rearranges to a tertiary carbocation. 


f^ 3 2 | CH; 
CH; H—Br CBs, m 2, СН» CH; 
.. 4 
Он ХОН YO +но Li 
CH3 CH3^Br- CH; | | 
СН; | TN CH; 
Br T ni 
CH; CH; 
A H 
2 К 
СНСЊСНа He 


| 
СНСН»СНз V X CHCH)CH3 
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18. Both alcohols form the same carbocation, so they both form the same alkenes. 


OH 1,2-hydride 
H5S804 hift 
A +HO 7 
| -H* 
2 
+ 
Н 
ОН +OH 
PES E з a 
А +H,O 


H CH,CH H H 
19 `c c^ ie * "c c^ 
Ф а. = = 
"A N А 
СН; Н СН» СН»СН» 
тајог minor 
b. 
CH CH,CH CH CH 
3 pours EN yoo 
Cee + C=C 
СН»СН» CH; CH3CH, CH5CH; 
major minor 
[s 
т st ЕНЕН 
20. а. СЊСЊС== ССНСН; b. C=C 
СНз СН›СН; CH2CH3 CH2CH3 
CH; 


| СН» CH,OH 
21. а. CH4CH,CHCH;0H b. c. Е а. 
OH 
OH 


22. a. The answers to 1, 3, 4, and 5 are the same as in part b. 


|| | || 
2. СЊСЊСЊСЊСОН 6. НОССЊСЊСОН 
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rt 
|| ; 
b. 1. CH;CH;CCH;CH; 3. A tertiary alcohol is not 5. О 
oxidized to а carbonyl compound. 
O 
| ll || || 
2. CH,CH;CH;CH)CH 4. СЊССЊССЊСН» 6. HCCH;CH;CH 
с. The same products as formed in b. 
23. Solved in the text. 
24. a. Cleavage occurs by ап Sy! pathway because the ally] cation is relatively stable. 
H 
n HO 
AMA — AN + 27 
| 
Zw! 
b. Cleavage occurs by ап 512 pathway because a primary carbocation is too unstable to be formed. 
C) Pes HOCH;CH;CH;CH;CH,I en 
Е E 
| 
H 
с. Cleavage occurs by an Syl pathway because the benzyl cation is relatively stable. 
Oas — Creed) 
H 
" 
d. Cleavage occurs by an Syl pathway because the benzyl cation is relatively stable. 
£y + г 
о СН» ———- CH;CH2CH,OH + СН, c» ЄН; 
H 
~ 
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25. 


26. 


27. 


28. 


29. 
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e. Cleavage occurs by an 542 pathway because a primary carbocation or a vinylic cation is too unstable 
to be formed. 


an Еш" 


МЕ ОН Р О 
| d CHI + tautomerization 


enol ketone 


f. Cleavage occurs by an Sy1 pathway, because the tertiary carbocation is relatively stable. 


(ies [is 

\ СН z 

СХ Y HOCH;CH;CH;CCH; | HOCH,CH,CH>CCH; 
=? CH; | 
Н 

Solved in the text. 


We saw that HCI does not cleave ethers because СТ is not a good enough nucleophile. 
Е is an even poorer nucleophile, so HF cannot cleave ethers. Therefore, ethers can be cleaved only with 
HBr or HI. 


OCH; Е он осн, OCH; OH 
a. aes b. ла с. CH3;C—— ССН» d. CH3;C—— CCH; 
CH; CH; CH; CH; CH; CH; 


The reactivity of tetrahydrofuran is more similar to that of a noncyclic ether, because the five-membered 
ring does not have the strain that makes the epoxide reactive. 


a. 
CH; CH; 1,2-methyl CH; CH; 
5,50, + shift H,O 
UNIS —CH, — Ре =? CH; м СН» ве CH;C -== CHCH, + H+ 

CH; CH; CH; он CH; 

CH, CH; o CH; CH, 

ZN - 

b. CH;ÇCH=CH, Br. сну cH-CH, +. cuc-cueH, P8. СЊС—СНСН; 

CH; CH; CH, O CH,OH 
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ОСН; 


О : _ 
С СНО“ 2 “ОСН; ‚Сү 


The nucleophile can attack the back side of either of the carbons in the three-membered ring. 


О 2 


31. а. 
32. а. 
b. 
с. 
d. 


NHCH, 


CH; 


| СН»ОН 
CH3C m CHCH;CH; b. 
| | ОН 


ОН ОН 


The reaction of an alkene with OsO, is а syn addition reaction. Syn addition to the trans isomer forms 
the threo pair of enantiomers. (See Section 6.13, particularly page 268.) 


CH; CH; 
Tbe oH Н, ois H OHS HO HR 
asas a o 

HO „ СН нс „ р OH НО HS H ОН R 


CH; CH; 


Syn addition to the cis isomer forms the erythro pair of enantiomers. In this case, the product is a meso 
compound because each asymmetric center is bonded to the same four substituents. Therefore, only 
one stereoisomer is formed. 


CH; 
H3C OH 
Te 2 H OH $ 
H „ус— сон ог 
HO : Е CH; H OH R 
| CH; 


Syn addition to the cis isomer forms the erythro pair of enantiomers. 


CH; CH; 
HC, „он HO, CH; poke, unciis 
HO, CHCH; CHCH; „СОН RD ER эш: 


CH;CH; CH;CH; 


Syn addition to the trans isomer forms the threo pair of enantiomers. 


CH; CH; 
H 
С ПСИ. н—|—он5 . HO—[—H R 
uc СОН + Сун ог 
НО њењ = сњен; ОН НО ES z OHR 
55 R R CH;CH; СН2СН} 
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a. Reaction with a peroxyacid forms a product with two new asymmetric centers. Because it is a 


syn addition reaction, the trans alkene forms the two trans products. 


Hydroxide ion can attack either of the two asymmetric centers in the epoxide in an Sy2 reaction. 
The asymmetric center that is attacked will have its configuration inverted. 
The configuration of the other asymmetric center will not change. 


Therefore, when hydroxide ion attacks the asymmetric center on the left of epoxide A, the S,R 
stereoisomer is formed; when it attacks the asymmetric center on the right of epoxide A, the R,S 
stereoisomer is formed. The S,R and R,S stereoisomers are identical; it is a meso compound. 


Attack of hydroxide ion on epoxide B forms the same meso compound. 


cH, || 
> RCOOH VEN Pr 
(000 BOE К + XH 
Н CH; H H СН; 
А В 
|н 
Н CH, H OH 
с хс 
НО; OH СН Б ок“ СИ 
CHÍ 5 RN HO’ Е SN, 
CH; CH; 
H OHS но НЕ 
Н OH R HO HS 
СН» СН» 


а meso compound 


b. Reaction of the cis alkene with a peroxyacid forms only one peroxide (a meso compound). The meso com- 
pound has the R,S configuration, so when it reacts with hydroxide ion, the 5,5 and R,R products are formed. 


О 
,H бн Pr 
НО" 
S a 
pe S. CHAAR Rs 
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c. Reaction of the cis alkene with a peroxyacid forms the two cis isomers. Hydroxide ion preferentially attacks 
the least sterically hindered carbon of each epoxide. Therefore, the 5,5 and R,R products are formed. 


H H || Pr Pr 
4 у — 
ес .RCOOH, H"G Сү"н + не Сүн 
> cHÍ^ 5 Хн,сн R SoH 
CH; CH;CH, 3 9з CHCH, 3 
[no НО“ 
К H H OH 


МОЈА o = + МОЛА Фени pn 
ноу уон снн RAH 
СН» CHCH} HO CH; 


d. Reaction of the trans alkene with a peroxyacid forms the two trans isomers. Hydroxide ion preferen- 
tially attacks the least sterically hindered carbon of each epoxide. Therefore, the 5,К and R,S products 


are formed. 
| О О 
H СН2СНз ИХ И 
N и ВСООН C—C.. -C—C.. 
Qe EN LES 
CH; H CH; H p H СН» 
|н но" 
н. „CHCH; H Н 
HO"/$ күн 7 но RUCH 
CH3 H CH;CH, OH 
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35. The carbocation leading to 1-naphthol can be stabilized by electron delocalization without destroying the 
aromaticity of the intact benzene ring. The carbocation leading to 2-naphthol can be stabilized by electron 
delocalization only by destroying the aromaticity of the intact benzene ring. Therefore, the carbocation 
leading to 1-naphthol is more stable. 


OH OH 


Od – O3 — OO 


+ 


о 


carbocation that leads to 1-naphthol 


ЖЕ £21 


carbocation that leads to 2-naphthol 


о 


36. a. with an NIH shift 


D О р ОН ОН 
^ 3 p 
H H— B H + HB* 
V :В 
СН; СНз СН; CH; 
b. without an NIH shift 
В: 
р 0 AN D OH OH 
H 
H H—B* + Ее С + DB* 
СН» ЄН» СН» 
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37. The two arene oxides form the same major and minor products. 
Each epoxide opens in the direction that forms the most stable carbocation. The carbocation undergoes an 
NIH shift, and as a result of the NIH shift, both reactants form the same protonated ketone intermediate. 
Because they form the same intermediate, they form the same products. The deuterium-containing product 
is the major product, because in the last step of the reaction, it is easier to break a carpon nysregen bond 
than а carbon-deuterium bond. 


OH OH 
D H 

— OY.» 
major product minor product 


38. Solved in the text. 


39. Each arene oxide opens in the direction that forms the more stable carbocation. 
Therefore, the methoxy-substituted arene oxide opens so that the positive charge can be stabilized by elec- 
tron donation from the methoxy group. 


g= 2 | Or 


:OCH; :ОСН; 
more stable less stable 


The nitro-substituted arene oxide opens in the direction that forms the carbocation intermediate that has its 
positive charge farther away from the electron-withdrawing NO, group. 


OH 
à | ~ „ОН ` 
НО | | t 
+ + + 
-07 “0 "o^ “So o^ No 
more stable less stable 
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40. The compound without the double bond in the second ring is more apt to be carcinogenic. It opens to 
form a less stable carbocation than the other compound, because the carbocation can be stabilized by 
electron delocalization only if the aromaticity of the benzene ring is destroyed. Because the carbocation 
is less stable, it is formed more slowly, giving the carcinogenic pathway a better chance to compete with 


ring-opening. 


less stable carbocation 


ad – об 


more stable carbocation 


41. a. Notice that a bond shared by two rings cannot be epoxidized. 


6092 dy 


b. The epoxide ring in phenanthrene oxides II and III can open in two different directions to form two 
different carbocations and, therefore, two different phenols. 


OH 
-OO 
DEO 
араага 
ОН НО 
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c. The two different carbocations formed by phenanthrene oxides II and III differ in stability. One 
carbocation is more stable than the other because it can be stabilized by electron delocalization without 
disrupting the aromaticity of the adjacent ring. The more stable carbocation leads to the major product. 


OH 
2 da 


ON Le 
SESS. 


+ 
тајог ргодис! minor product 
+ + 
HO OH 


| 
ade 


HO 
major product minor product 


+ 


d. Phenanthrene oxide I is the most carcinogenic, because it is the only one that opens to form а carboca- 
tion that cannot be stabilized without disrupting the aromaticity of the other ring(s). 


42. The drugs are metabolized as a result of reacting with water. Water adds to the electrophilic carbon of the 
carbonyl group. The resonance contributor on the right (the one with separated charges) decreases the elec- 
trophilicity of the carbonyl carbon, which makes it less reactive. 


Xylocaine’s resonance contributor with separated charges is more stable than Novocaine’s resonance con- 
tributor with separated charges because its positive charge is on nitrogen, which is a less electronegative 
atom than oxygen. Because it is more stable, it makes a greater contribution to the hybrid. Therefore, 
Xylocaine is less reactive and, consequently, has a longer half-life. 


90 О бо од 
Њ;0: Novocaine H,Ö: Xylocaine 
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47. 
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The strong base immediately removes a proton from the protonated amine, and then there is no base to 
carry out the elimination reaction. 


The major products result from removing a proton from the B-carbon that is bonded to the most hydrogens. 
| CH, 
CH,CHCH,N + CH,=CHCH, 
Eo. m 


The minor products result from removing a proton from the B-carbon that is bonded to the fewest 
hydrogens. 


CH; 
еН =CH, + права. 
СН» CH; 
The only difference is the leaving group. 
CH; св, СН; 
+ 
СН == CH-—NCH; СН›——СН--Вг 
ES СН» ЧУ] 
HO: HO: 


In each case, a proton is removed from the B-carbon that is bonded to the most hydrogens. 


CH; CH; CH; 
a. ee етен с. CH4NCH;CHCH;CH—CH; 
Сн, 
СН» 
b. 
+ М(СНз)з 
Solved in the text. 


Copyright © 2017 Pearson Education, Inc. 


374 Chapter 10 


49. а. сн;сн;сн;снсн; ОВ ^^ CH4CH;CH;CHCH, м CH4CH;CH;CHCH; 
2 
Br CH;—N— СИ Br cH, NCH но“ 
CH; CH; 


|а 


(СНз)3М + СН;СН,СН,СН==СН, 


CH3I 
b. excess Ағ,О А \ 
М K,CO, + — H,O + 


H /N 


сы 
(CH;);N + Г\ -—^ A _ «Ано A _ 


М НО H20 N I 
AN оү 
CH; | "CH CH; | "CH, 
CH; CH; 
- - Br 
50. a. ЧУ: Ho. Pau ~. 3m. + Br 
+ HO 


b. The synthesis must be done with tert-butylthiol and a methyl halide. It cannot be done with methane- 
thiol and tert-butyl bromide because a tertiary alkyl halide cannot undergo ап 5,2 reaction. Therefore, 
it would form an elimination product rather than a substitution product. 


х НО, x _ CHBr X + Вг 


SH 5 
+ HO 


с. The highest yield of the target molecule is obtained by having the less substituted of the two R groups 
of the thioether be the alkyl halide and the more substituted be the thiol. 


CH; сн; CH; 
HO^ CH3CH2B 
CH)=CHCHSH CH,—CHCHs- —————2 T.  CH,—CHCHSCH,CH, + Br 
+ H,O 


d. The synthesis must be done with these reagents because the sp? carbon of the benzene ring cannot un- 


dergo back-side attack. 


Copyright € 2017 Pearson Education, Inc. 


^^ 


51. 


52. 


53. 


54. 


55. 
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The first compound is too insoluble. 


The second compound is used clinically; it has fewer carbons than the first compound, so it is more soluble 
in water. 


The third compound is less reactive than the second compound because the lone pair on the nitrogen can be 
delocalized into the benzene ring. Therefore, the lone pair is less apt to displace a chloride ion and form the 
three-membered ring that is needed for the compound to be an alkylating agent. 


OT 


Melphalan is a good alkylating reagent because the group on the side chain makes the compound water 
soluble. The group can delocalize electrons into the benzene ring so that it is not as reactive as the too 
reactive compound in Problem 51. 


Cyclophosphamide, carmustine, and chloroambucil are less reactive than mechlorethamine because, un- 
like the lone-pair electrons on the nitrogen of mechlorethamine, the lone-pair electrons on the nitrogen of 
the other three compounds can be delocalized. Therefore, these compounds are less apt to form the three- 
membered ring that is needed for the compound to be an alkylating agent. 


МН» NH? 


М + М 
Ne N О ху УМ 
+ О њи + О 
uni ($ о 1 
О: СНз СНз 
О HO Он HO OH 
|| 
a. CH3CH,CH,OCCH; d. CH,;CH=CHCH; g. CH,CHCH;CHCI 
CH3 
СН» 
b. CH;CH;CH;CH,Br e. сезоне HOCH 
CHO ОН 
To 
c. сњснскоњо–4 Y f. CH.CHICH— CCH, 
CH; OH OCH; 
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CH4CH,OH | 
56. а. The other alcohol cannot undergo dehydration to form an alkene, 
because its B-carbon is not bonded to a hydrogen. 
OH T 1. . . 
b. The rate-limiting step in a dehydration is carbocation formation. 
A secondary allylic cation is more stable than a secondary alkyl 
carbocation and therefore is formed more rapidly. 
СН» 
с. OH A tertiary alkyl carbocation is more stable than a secondary alkyl 
carbocation. 
OH 
d. A secondary benzylic cation is more stable than a secondary alkyl 
carbocation. 
OH 


e. A secondary benzylic cation is more stable than a primary alkyl 
carbocation. 


A B C 
1. NaH 
2. НзО* 
OH „ОН 
CY у CY 
"^ OH OH 
D E 
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Only one Sy2 reaction takes place in a and b, so the product has the inverted configuration compared to the 
configuration of the reactant. 


D D OH 
| | | 
өн Н Ва pyridine H УН HO^ CH.CH УН 
а. CHCH N +в | CI CH3CH; бов S 3CH; NS 
(R)-1-deuterio-1-propanol (S)-1-deuterio-1-propanol 
ог 
СЊСНз СЊСНз Hos CH;CH3 
|| pyridine [| 
НО р + Sexe ко р 552 р ОН 
О О 
(R)-1-deuterio-1-propanol (S)-1-deuterio-1-propanol 
D D OCH; 
| 1 | | 
С... pyridine и "Н CH307 AK” 
b. CH;CH N.H. + в—5—а) ——~ CHCH Se CHCH H 
3C TH» Nou | 3582 \оѕо,в 5х2 3CHy N 
(R)-1-deuterio-1-propanol 3 (S)-1-deuterio- 1-methoxypropane 
ог 
СЊСНз О О снн, CHCH; 
|| pyridine || CH30 
HO D + R—S—Cl RSO D S D ОСН; 
H Ц он H 


(К)-1-дешепо-1-ргорапо! (S)-1-deuterio- 1-methoxypropane 


c. Because the desired product has the same configuration as the starting material, it can be synthesized 
using reactions that do not break any of the bonds to the asymmetric center. 


D D 
l NaH | CHI | 
Par: УН БАКЧЫ : 
CH4CH; be CHCH; Мр CH4CH; Noch; 
(R)-1-deuterio- 1 -propanol (R)-1-deuterio- 1-methoxypropane 


It can also be synthesized using two consecutive 5,2 reactions. Because each one involves inversion of 
configuration, the final product will have the same configuration as the starting material. For example, 
treating the starting material with PBr; forms (S)-1-bromo-1-deuteriopropane. Treating (S)-1-bromo- 
1-deuteriopropane with methoxide ion forms ( R)-1-deuterio-1-methoxypropane. 


D D 
| PBr3/pyridine | СНзо“ | 
A N n Sn2 ли ч 842 „7“ t 
CH4CH H H'/ "CH;CH CHCH; МН 
э Be Br 3-2 осн, 
(R)-1-deuterio-1-propanol (S)-1-bromo-1-deuteriopropane (R)-1-deuterio- 1 -methoxypropane 
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61. 


62. 


Chapter 10 


2,3-Dimethyl-2-butanol dehydrates faster because it forms a tertiary carbocation, whereas 3,3-dimethyl- 


2-butanol initially forms a secondary carbocation. 


CH; CH; 
CH3CH — ССН» CH3CH но 
CH; ОН m s 
2,3-dimethyl-2-butanol ^ 3,3-dimethyl-2-butanol 
a tertiary alcohol a secondary alcohol 
О 
CHCH; 
2-ethyloxirane 
a. CHCH CHCH OH с. CH3CH;CHCH;OH 
ОН OH 


0.1 МН is a dilute solution 
of HCI in water. 


b. CIGCHACHOHIOH 


d. CH,CH,CHCH,OCH; 


ОСН} ОН 


2. tert-BuO ^ 


а HBr/A X MCPBA 
OTs pyridine bu : EN BuO// ог 
Вг 1. CL/H;O 


Cy 2. NaH 
сњо“ бай; ш] 


2-һехепе апа 3-һехепе 


О OH HOA 
„Noci - 1.050, .— 
`сн,соон LHB/A ^ 2.H,0,,H,0 H,0,, H 


Хь 


CH4CH;CH;CH;CHCH; 
4- 


H5SO, 
CH3,CH,CH,CH,CH,CH,OH —— CH3;CH,CH,CH,CH=CH, + H,O 
H* + CH4CH;CH;CH—CHCH; === 
J 2-hexene 
СНзСН,СН,СНСН,СН; 
+ 


3-hexene 
(cis and trans) 
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2-hexene 
(cis and trans) 


CH4CH5CH == CHCH,CH; + CH4CH4CH5;CH = CHCH, + H* 


А 


с HOCH) 
OCH 
63. а. CH;CBr + CH;CH,OH_ е. 3 
| 
СН» 
b. CH;CHCH,OH + CHI Ё CHOCH, 
| OH 
CH; | 
| 
с. og 2. св cm 
О 
а ћ. om 
OH 
64. — НО 
н-С0: 
В:—> | 
Сн» 
+ 
NH; 
“ООС 
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CH; 
i. CHSCHCHaN T СН, —CH, 


CH, CH; 
j. 
Br 
OH OH 
— HO 
NH, NH, 
CH3O * HB* 
„ NH 
77 
т» 
N N 
О 
5 
OH OH 


66. 


380 


65. 


Chapter 10 
a. If an NIH shift occurs, both carbocations will form the same intermediate ketone. Because it is about 
four times easier to break a C—H bond (k3) compared with a C—D bond (k4), about 80% of the 
deuterium will be retained. 
D OH 
b. If an NIH shift does not occur, 50% of the deuterium will be retained, because the epoxide can open 
equally easily in either direction (k; is equal to M and subsequent loss of T or D* is fast 
OH p 
HO D H OH 
Cy H,SO, ef CY 
— + 
А 
unknown major minor 
alcohol product product 
1. R-BH/THF 
CH,COOH 2 
woo С | 2.Н,0,, НО, ЊО 


H Cy 
original unknown 
alcohol 
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The product of each reaction is an alkene. 


CH3CH,CHCH; CH,CH,CHCH, ==== CH;CH,CHCH; === CH3;CH=CHCH3 + H30* 
| + 


OH ns + HO 


с. -H9. CH,CH=CHCH; + H,O + Br 


Br 


Recall that alkenes undergo electrophilic addition reactions, and the first step in an electrophilic addition 
reaction is addition of an electrophile to the alkene. 


The acid-catalyzed dehydration reaction is reversible, because the electrophile (H * ) needed to react with 
the alkene in the first step of the reverse reaction is available. 


The base-promoted elimination reaction of a hydrogen halide is not reversible, because an electrophile is 
not available to react with the alkene in the first step of the reverse reaction. 


When (S)-2-butanol loses water as a result of being heated with sulfuric acid, the asymmetric center іп the 
reactant becomes a planar sp? carbon. Therefore, the chirality is lost. When water attacks the carbocation, it can 
attack from either side of the planar carbocation, forming (5 )-2-butanol and ( R)-2-butanol with equal ease. 


H 
OH * OH 
| СЛ CH3CH; УН 
и vH H5SO, „Сен \ 
L———ÉÁ c = 
CH3CH2 Мен, р CHCH; он, HO + б CH3CH сс 
(S)-2-butanol СН; + НзО 
H H 
M "a iH oe 
Н+ + С. + C p С... + S 
МУН Н Б ~ АН HU 
CH.CH Ун, cuf CH;CH; CHCH; Vg сні CH;CH; 


(S)-2-butanol (R)-2-butanol 


| 1. RSBH/THF 
а. CH4CH;CH— CH; D La CH3CH;CH;CH;0H 


Н,504 
А 
|| 1. Оз, -78 °C 
2 —À CH3;CH=CHCH; + H,O 
м 
сн; H 2. (CH3)2S 
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O 
| 
_ 1. R3BH/THF NaOCl “чы, 
b. CH;CH;CH=CH, = mono ko С®ССНСНОН „сон“ CHsCH2CH2 Н 
0°C 
NaOCl 
оон 
70. СН» (ну. сн 
СНОН CH—OH CH 
ee 3 
VEL СА, ^ OX 
А К JH 
+ 
+ H20 | 
но СИЕ 
He H,0: 
71. CH3 CH3 ть 


С | 
СНОН CH— OH ^ 
fa) (^ Са CO 
— Dr 
+ 
CH3 CH3 
Ke — OFS 
:Br: 
72. Diethyl ether is the ether that would be obtained in greatest yield, because it is a symmetrical ether. 


Because it is symmetrical, only one alcohol is used in its synthesis, so only one ether is formed. 


In contrast, the synthesis of an unsymmetrical ether requires two different alcohols, so three different ethers 
are formed. 
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OH 
a. Н,50, Н, 
А Pd/C 


H;CrO, 


|| 
єнсн;Ссн;сн;Он ———> CH;CH,CH,COH 


b. CH4CH;CH,CH5Br 


N-Methylpiperidine forms 1,4-pentadiene. 


СН» 
1. СНУ А Е | 
2. АргО, H,O И CH;—CHCH;CH;CHjNCH; 


их 1. СНЫ 
{н CH; “н, 2. Ag,0, H,O 
3 З.А 


сњ== СНСН,СН== CH, 
2-Methylpiperidine forms 1,5-hexadiene. 


CH; 
1. СНА 
CL K CO, Cl CH} = CHCH;CH;CH;CH;NCH; 
—=— + 
М СНз 2.Ag,0, HO М СНз 1. СН 
Н сн “сн, 2. Ag,0, H,O 
3 НО“ 3. А 
B-carbon bonded — — 
to the greatest number CH; —CHCH?CH;CH— CH) 
of hydrogens 


3-Methylpiperidine forms 2-methyl-1,4-pentadiene. 


CH, 1.СНу CH; СНз СНз 
ехсеѕѕ А | | 
K;CO, CH} = CHCH;CHCH;NCH; 
с + ` 
N 2. Ag20, H,O IN HO- l. CH3I 
CH; CH3 З.А 
СН» 


CH, = CHCH,C= СН, 
4-Methylpiperidine forms 3-methyl-1,4-pentadiene. 


тв 1. СНЫ CHs 
. 3 
excess CH; CH; 
K,CO, 
2. Аз, H,0 . CMa CHORO ROANG 
N N _ .CH, 
" 4 Но 2. Ag20, H,O 
CH; CH 2A 


CH; 
CH,—CHCHCH—CH, 
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75. 


76. 


77. 


78. 
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3-Methyl-2-butanol is a secondary alcohol and, therefore, undergoes ап Sy1 reaction. The secondary 


carbocation intermediate rearranges to a more stable tertiary carbocation. 


CH; CH; сњ 


СН» 


HB + | 
CH3CHCHCH; — => сњенссњ — CH;CH,CCH; ——- сњсњесн, 


OH 


H 


3-methyl-2-butanol 


Br 


2-Methyl-1-propanol is a primary alcohol and, therefore, undergoes an 5,2 reaction. Because carbocations 
are not formed in Sy2 reactions, а carbocation rearrangement cannot occur. 


‚тое РА СЕ 


CH; CH; 


| HB 
CH;CHCH,OH ——> CH3;CHCH)Br 


—À 


А 
2-methyl-1-propanol 


C OH D 


| 


О 
AY 
F E 


:0: 
О О 
PY К | ZN 
a. CH;CHCH—CH, + сњбг сазана CH4CH—CHCH;OCH, + СГ 
Cl Cà 
OH OH 
b. H—OSO,H M 
Н2О 
H40* + SS + У 
О О 
Se d 
| РВ 
CH;CHOH 3%. cH,cH=cH, 881 CH,CH,CH,OH ——2+ CHjCH,CH>Br 
A 2. H202, HO”, Н2О pyridine 
CH; 
rau CH,CHO- 
СНз CH; 
CH4CHOCH;CH,CH, 
CH; 
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79. Ethyl alcohol is not obtained as a product because it reacts with the excess HI, forming ethyl iodide. 
HI 


CH,CH;OCH;CH; CH,CHj + CH4CH;OH CH3CH,I + H,O 
H3 D. H3 Е 
К 
80. = cH 
IE 


H3 CH; си 
E H* + Н? 
81. Cyclopropane does пої react with НО“ because cyclopropane does not contain а leaving group; а carb- 


anion is far too basic to serve as a leaving group. Ethylene oxide reacts with НО“ because ethylene oxide 
contains an КО leaving group. 


OH 
82. a. H,SO, 1. R,BH, THF _ №0“ _ 
а 2. НО”, 6,0, H,O сн, шон 


| [^F Ho | НО 
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О о: 
84. НС CH, + HO: СН2СН2ОН (o 
Dos. 
| 
НОСН»СН»ОСН»СН» 
©, 
кр. 
H,O 
HOCH,CH,OCH,CH,OCH,CH,OH 2 HOCH,CH,OCH,CH,OCH,CH,0- 
+ HO 
85. a. О :0= 
у ` ОСТУ С ОМ _сњосњу 
Á H 
C CH; CH, CHBr C зОСН»СНСН»СН»СН» Вг а + Br 
CHO? 
b. О | qe чы. ^ ОСН; 
E OCH2CHCH2CH2CH) — Br + Br. 
CH;CH;CHjBr | 
DE OCH; О 
CH30: 


c. The six-membered ring is formed by attack on the more sterically hindered carbon of the epoxide. 
Attack on the less sterically hindered carbon that leads to the five-membered ring is preferred. 
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86. :В is any base in the solution (8504, ЊО, КОН). 


87. a. The primary amine is 2-methyl-3-pentanamine. 


еН» СН; СН; а CH; one В-ћудговеп 
3 
снзсњснснсн с, CH CH,CHCHCH; —— CH3;CH,CHCHCH; 
2203 | Я А 


2-methyl-3- i 
methyl-3-pentanamine CH; CH; 


| 


CH4CH—CHCHCH; + CH3NCH; 
4-methyl-2-pentene | 


CH; 


СН; 
b. The primary amine is 3-methyl-2-butanime. 
СНз CHI СНз СНз СНз 
ехсеѕѕ | 820 =: 
СН НЕНЕН; "KO, ge) оде HO eee CH5— CHCHCH3 
NH; CH3NCH3 CH3NCH3 
Е + CH3NCH3 
CH; I СНз НО“ | 
СНз 
€. The secondary amine is 3-methylpyrrolidine. 
CH CH CH 
? 3 s CH, CH; 
СНУ ыб ‘ | | 
заса = СН›==СНСНСН›КСН» 
K,CO; + H,O + 
N JN r ZN HO^ 
Сну 
3-methylpyrrolidine CH; CH, CH, CH; 5 
СН» CH, CH; CH, CH; 
А + Ag ,0 + 
CH;—CHC-CH, ~— CH;—CHCHCH;NCH; ^uo  CH2—CHCHCHoNCH; 
2 


2-methyl-1,3-butadiene CH, HO- CH, Г 
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88. А is the substitution product that forms when methoxide ion attacks а carbon of the three-membered ring 
and eliminates the amino group, thereby opening the ring. It does not discolor Br; because it does not have 
a double bond to which Вг» can add. 


CH; CH; сњ 
CH; CH; 
CH,—C—C—N, CH;—c—c-—NC 
CH3 | | CH; 
CHO СН; CH; CH; 
A B 


B is the product of a Hofmann elimination reaction: methoxide ion removes a proton from a methyl group 
bonded to a ring carbon and eliminates the amino group. The red color disappears when Вг» is added to B, 
because Br, adds to the double bond. 
Nu Lf | 
Bro + C=C ^" —C—C— 
red / N | | 
Br Br 


colorless 


When the aziridinium ion reacts with methanol, only A, the substitution product, is formed. 


ВИ 
" ~ SOS d 
| " OCH, 
CH,O: substitution 
product 
Nt 7 
2. 6 N^ + Br N^ 
| red | 
т «у È Br 
cH: Br 
eliminiation colorless 
product 


89. a. The reaction of 2-chlorobutane with HO” is an intermolecular reaction, so the two compounds have to 
find each other in the solution. 


CHICHENUGHS + HO- CH;3CHCH;CH, + СГ 


Cl OH 
The following reaction takes place in two steps. The first is an intramolecular Sy2 reaction; the reac- 


tion is much faster than the above reaction because the two reactants are in the same molecule and can 
find each other relatively easily. 


CHCH, CHCH 
Ая 


(СНЗСН) М — CH;CHCH;CH; Сн СНСН›СН» о а. 


с. СІ HO: CH;OH 
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The second reaction is also ап 5,2 reaction and is fast because the strain of the three-membered ring 
and the positive charge on the nitrogen make the amine a very good leaving group. 


b. The HO group is bonded to a different carbon because НО“ attacks the least sterically hindered carbon 
of the three-membered ring. 


B is the fastest reaction; A is the slowest reaction. 
To form the epoxide, the alkoxide ion must attack the back side of the carbon that is bonded to Br. This 
means that the OH and Br substituents must both be in axial positions. To be 1,2-diaxial, they must be 


trans to each other. 


Br 


A does not form an epoxide, because the OH and Br substituents are cis to each other. 
B and C can form epoxides because the OH and Br substituents are trans to each other. 


The rate of formation of the epoxide is given by k’K.,, where k’ is the rate constant for the substitution 
reaction and Keq is the equilibrium constant for the [equatorial] / [axial] conformers. 


When the OH and Br substituents are in the required diaxial position, the large tert-butyl substituent is in 
the equatorial position in B and in the axial position in C. 


Br Br 
OH — à OH 
B C 


Because the more stable conformer has the large tert-butyl group in the equatorial position, the OH and 
Br substituents are in the required diaxial position in the more stable conformer of В (Keq is large), 
whereas the OH and Br substituents are in the required diaxial position in the less stable conformer of C 
(Кеа is small). Therefore, B reacts faster than C. 


Br Br 
H H 
owe [Pa LÀ 
H OH 


C(CH3)3 OH 
B C 
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91. a. 


ro 
HSO; 
+ 


OH +OH 
H + НО 


1,2-methyl 
shift 


H 
b. о Н2$04 Of 
2 2 2 2 


ОН ОН 
+ H,0 i H20 
——— + H30* 
HO HO HO 


H,0* + — 
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Н e + 
OH OH *OH OH OH CH; OH 
HSO + 
сње—с—сњ === CH4C—C—CH, — CHC ССН === ест 
CH; СНз CH; СН» сњ СНз + H,O H3 


СН» O 
H30* t E — C—CH4 


CH 
CH; CH; CH; 
a. аа он eee ecce CH. — вон + HO 
би бон 
H 
CH; CH; 


| || . keto-enol 
interconversion 
CH43CH— CH = 


CH;C=CHOH + H,0* 


b. Dehydration of the primary alcohol group cannot occur, because it cannot lose water via an E1 path- 
way, since a primary carbocation cannot be formed. It cannot lose water via an E2 pathway because the 
B-carbon is not bonded to a hydrogen. However, dehydration of the tertiary alcohol group can occur. 
The product is an enol that tautomerizes to an aldehyde. 


Tes 


НО" + 


Cyclopentene oxide undergoes back-side attack by the nucleophile, so the two substituents in the products 
are trans to each other. Therefore, both the R,R-isomer and the S,S-isomer are formed. 


ACH» 
О 
+ CH3NHCH; 
"^N(CH3) 
cyclopentene dimethylamine R,R-isomer $,S-isomer 


oxide 
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96. ^ Notice that the initially generated carbocation can undergo either а 1,2-methyl shift or а 1,2-alkyl shift. 


HO ee Pe ‘OH CH; СН» 
а. CH; сњ O Oo HÖJA — cH; нб] + сн; 
о: or “ 
HO CH 
+ 
о сњ HO СН; yee 
CH; CH; 
СН; 
Но“ + ———E * 
Ox „СНз 
СН» 
H3O* T 
4 
OH О 
b OH HjSO (5н 
——- EIL e а + H30 
j Ns 
CH=CH) CH — СНз CH; СН; 


97. а. А nitrogen is a stronger base than an oxygen, so unlike an epoxide that сап be opened without the 
oxygen being protonated, the three-membered nitrogen-containing ring has to be protonated to improve 
the leaving propensity of the group. 


b. A nucleophile such as an NH, group on a chain of DNA can react with the three-membered ring. If 
a nucleophile on another chain of DNA reacts with another of the three-membered rings in this com- 
pound, the two ОМА chains will be cross-linked. 


NM e p ENS 
+ ~ . 


НМ МН, 
N^^N 
pu л) +“ NH, 
N^ N^ ^N 
H РМА 
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Chapter 10 Practice Test 


Which of the following reagents is the best one to use to convert methyl alcohol into methyl bromide? 


Br HBr Br, NaBr Br* 


Which of the following reagents is the best one to use to convert methyl alcohol into methyl chloride? 
Cl,/CH,Cl, CL/A CI SOCI, NaCl 


a. What is the major product obtained from the reaction of the epoxide shown below in methanol 
containing 0.1 M НСІ? 


A^ CH;CH; 


CHCH; 


b. What is the major product obtained from the reaction of the epoxide in methanol containing 
0.1 M NaOCH;? 


Draw the major product(s) of each of the following reactions: | 


CH; CH; 
+ 
a. CH,CHCH,NCH,CH,CH CH 


CH; HO 
CH; 
b ^ 
+ - 
N HO 
КАБ; 
CH, CH; 
c. N/ HO 
/ 
CH, “ен, 
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Draw the major elimination product that is obtained when each of the following alcohols is heated in the 
presence of H5SO,: 


jk 
a. кеңин с. СЊСЊСЊСЊСЊОН 
ОН CH; 


СН» 
| OH 
b. санан он а. or 
OH CH; 


Indicate whether each of the following statements is true or false: 


a. Tertiary alcohols are easier to dehydrate than secondary alcohols. 
b. Alcohols are more acidic than thiols. 
Alcohols have higher boiling points than thiols. 


d. The acid-catalyzed dehydration of a primary alcohol is an Sy! reaction. 


Ej. ep sep ч o 
пп шт 'd 


e. The Hofmann elimination reaction is ап 22 reaction. 


What products are obtained when the following ethers are heated with one equivalent of HI? 
CH; 


| 
a. e i b. O— CH? 


CH; 


Draw the major product of each of the following reactions: 
| CH,CH, 
a. CH3CH;CH;NH; + CH4CH5SCH;CH; 
+ 


b. CH3;CH,CH,OH + $ОС1Ъ» ‘pyridine - 
H,SO, 
с. СН»СН»СН»СН»СН»СН»ОН ТА", 


а. CH;CH,CH,CH,OH 09. 
CH;COOH 


e. CH;CH,CH,CH,OH 129% 
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Organometallic Compounds 


Important Terms 


alkene metathesis 
(olefin metathesis) 


alkyne metathesis 


coupling reaction 
dialkyl lithium cuprate 


Gilman reagent 
(organocuprate) 


Grignard reagent 


(organomagnesium compound) 


Heck reaction 


olefin metathesis 
(alkene metathesis) 


organoboron compound 
organocuprate 

(Gilman reagent) 
organolithium compound 


organomagnesium compound 
(Grignard reagent) 


organometallic compound 
organopalladium compound 
oxidative addition 


reductive elimination 


Suzuki reaction 


transmetallation 


a reaction that breaks the double bond of an alkene and then rejoins the 
fragments to form a new double bond between two sp? carbons that were not 
previously bonded. 


a reaction that breaks the triple bond of an alkyne and then rejoins the fragments to 
form a new triple bond between two sp carbons that were not previously bonded. 


a reaction that joins two groups with a carbon-carbon bond. 
(R),CuLi; prepared by treating an organolithium reagent with cuprous iodide. 


a dialkyl lithium cuprate used to replace a halogen in an alkyl, aryl, or vinylic 
halide with an alkyl group. 


RMgBr ог КМРСІ; prepared by adding an alkyl halide to magnesium shavings. 


a reaction that couples an aryl halide or a vinylic halide with an alkene. 


a reaction that breaks the double bond of an alkene and then rejoins the fragments to 
form a new double bond between two sp? carbons that were not previously bonded. 


an alkyl-organoboron compound, an alkenyl-organoboron compound, or an 
aryl-organoboron compound: R'B(OR);. 


a dialkyl lithium cuprate used to replace a halogen in an alkyl, aryl, or vinylic 
halide with an alkyl group. 


RLi; prepared by adding lithium to an alkyl halide. 


RMgBr or RMgCI; prepared by adding an alkyl halide to magnesium shavings. 


a compound with a carbon-metal bond. 
a compound with a palladium-carbon bond. 
insertion of a metal between two atoms. 


elimination of a metal from between two carbons, resulting in formation of a 
carbon-carbon bond. 


a reaction that couples an aryl halide or vinylic halide with an organoboron reagent. 


the exchange of two groups (often alkyl and halide) between two metals. 


395 
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Solutions to Problems 


1. All the reactions occur because in each case, the reactant acid is a stronger acid than the product acid 
(methane, pK, ~ 60). 


2. The greater the polarity of the carbon—metal bond, the more reactive the organometallic compound. 
Polarity depends on the difference in electronegativity between the atoms forming the bond; the greater the 
difference in electronegativity, the more polar the bond. 


C— Li С—Ма 
2.5—1.0 = 1.5 2.5-0.9 = 1.6 


The electronegativity difference between carbon and sodium is greater than that between carbon and lith- 
ium. Therefore, organosodium compounds (with a more polar carbon-metal bond) are more reactive than 
organolithium compounds. 


3. | Transmetallation will occur if the new metal's electronegativity is closer to that of carbon. Because gallium 
(1.8) is more electronegative than magnesium (1.2) and, therefore, closer to the electronegativity of carbon, 
transmetallation occurs. Notice that after transmetallation, the number of alkyl groups attached to gallium 
is the same as the number of chorines that were attached to it in the reactant. 


3 CH;MgCl + GaCl, (CH4)4Ga + 3 MgCl, 
4. Solved in the text. 


5. The Br is replaced by the alkyl group of the organocuprate. 


2Li : А 
2 CH3(CH2)3CH2Br Бехайе 2 СНАСН Са ТНЕ (СН»СН»СН»СН»СН»)»Сил 
CH3(CH2); Se e и (CH2)7CH2Br BrCH;(CH2); E = и (СН?)12СНз 
x N or Ра N 
H H H H 
CH3(CH2)7 чы - и (СН2)!2СНз 
/ N 
H H 
6. Solved in the text. 


Br Br 
7. a. b. № с. E 
Br 


8. a. CH;CH,CH,CH,CH,OH b. CH;CH=CHCH,CH,OH œ (|) enenenon 
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ОН | 
9. а. CHCH-C CESCIECCHS b. чен ненен; 


CH; CH; 
CHCH; 
О О : - 
ll x ACH2CH3 f O^ 
10. a. A RCOOH (CH;CH3)2CuLi | " CY 
|н 
CH;CH; 
„CHCH; „ОН 
СУ 
: OH 
О O 
| CHCH; CHCH; 
b. © RCOOH (CH;CH,)>CuLi HCI 
ко 
od 
O^ OH 
О О 
j CH; CH; 
c. A RCOOH (CH3);CuLi HCI 
њој 


CH3 СН» 
НВг 
TL 


Copyright О 2017 Pearson Education, Inc. 


398 Сћаргег 11 


11. Solved in the text. 
12. Solved in the text. 


13. a. er b. enm 


14. Add the number of carbons in the chain in the starting material to the number of carbons in the organoboron 
compound. It should be the same as the number of carbons in the chain in the product. 


a. CY b. ev c. 
Br 


15. An alkenylboron compound is prepared from an alkyne. 


PW dd 


1-реп(упе 

16. СУ 

17. а Ac с “CHO EN % 
Sn 


# 
Е 
/ 
/ 


18. Solved in the text. 


19. a. м Дв + „г. Ь. Ta + ~ 
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20. Suzuki reactions 


oa x E 
+ 2 B. 


HB(OR), 


CH,CH,C=CH 
b. Br OR 
ы SOS BC =e ЙҮ 
OR 


HB(OR); 


CH3;CH,CH =CH, 
Heck reactions 


a. Br TN А ЕРИ 
^ is (CH,CH,),N 
b. Br 5 ЕРИ 
+ LAT 
(CH,CH,),N 


Notice that only a Suzuki reaction can be used to replace a halogen with an alkyl group. A Heck reaction replaces 
a halogen wih an alkenyl group. However, the alkenyl group can subsequently be reduced to an alkyl group. 


| 
ог 
| 
cmo в + CHC CH=CH, 
CH, (Ch; 
22. a. CH=CH, + CH3;CH,CH —CHCH;CH; с. CH=CH, + om 

CH, 

E and Z ЄН; 
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23. То determine the size of the ring that is formed in ring-closing metathesis, subtract 2 from the number of Te 
carbons in the reactant. 


а. CH=CH, + Q с. CH,—CH, + @ 
| М 


р. CH,—CH, + 
OCH; 


24. Solved in the text. 


25. а. ZA b. di ded 
Lu „~ 
26. ВЕБЕ) + Фа + 


О а 
27. а. e d. py 
b. Да СН›СН›СН;ОН е. Cr 
с. Ou f. cy 
28. C is the only one that can be used to form a Grignard reagent. 
The Grignard reagent formed from A will be destroyed immediately by reacting with the proton of the 
alcohol group. 
The Grignard reagent formed from B will be destroyed immediately by reacting with the proton of the 
carboxylic acid group. 
The Grignard reagent formed from D will be destroyed immediately by reacting with the proton of the 
amino group. 
m 


29. 
+ HC=CCH,CH, 
B 


r 
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30. А = Li D = ethylene oxide G = ethylene oxide 
B= Cul Е = Н* H = H* 
31. a. Br CH=CH, 
PdL, 1. RBH/THF 
+ CH, =CH, — - 
(CH;CH,);N 2. H905, HO, ЊО 
or CH,CH,OH 
Br CY 
CY + (CH,=CH),CuLi 
or 
Br | CuLi o CH;CH;OH 
l. Li L / ` CY 
2. Cul 
2 2. HCI 
HBr 1. Li . 
.Cu 
CH; CH; СНз |, 
О 
ЖУЛА 
2. HCI 
CHsCHCH:CH,CH,OH 
CH; 
NaNH CH,CH;B 
с. CH;CHC=CH —=—>_ сњењсес- — 22+ ë CH4CH;CECCH;CH; 
N ce 
L 
· JU VA am © 
(CH,CH,),N 
СН» 
е |. 1- (CHs),CoLi _ a 
` на >” 
SOCI Li LZ N 
Е он 5000. а мы тар" (CHCH) CuLi LE, М Хон 
“pyridine - hexane 2. HCI 
32. a. Br с. "n d. pup 
Br Z^ “в; 


Hd 


Tol 


Copyright € 2017 Pearson Education, Inc. 


402 Chapter 11 


33. а. ЉУТ d. Ns 
a № 
с. f. LJ 
en 
34. a. EN ^ b. 
Br “ 


СН; 
As | 
Вг“ ~ Вг ies: 


35. \ О + — Grubbs catalyst 


O 


R 


36. Remember that the double bond that comes from the alkenyl-organoboron compound always has the 
Е (trans) configuration. 


O 
z Z CH д 
“Cy 0024086: 
+ H—B — 
N 
Br 
өөх 
PdL, 


< < 
О 
: Z CH с. 
Ь. /9 Б \о 
+ H—B — 
№. 
HO- = 
PdL, | Br 


су 
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O 
à ZCH Г. 
(C^ осе 
+ H—B ——- 
Хо | 
но" | Вг 
PdL, 
ary 
O 


37. a. Ф ђ. с. E 
“ 


9. m 
Li A 
„їл 
38. а. CH,CH;CH;CH)Br —--——» (СНАСН;СНСН2 Сита = CH34CH;CH;5CH;CH;CH;0H 
NaOCI 
РСС | СЊСЂ Ог | СНзСООН 
0°С 
| 
СН+СН›СН›СН›СН›СН 
|| О OH 
RCOOH И \ 1. (СЊАСН;) Сита | 
b. CH;CH=CHCH; ———-* CH;CH—CHCH; о -- > CH,CHCHCHSCH; 
CH; 
HjSO, 
А 


CH3CH = ЈУ 
CH; 
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39. 


40. 


41. 


42. 


Chapter 11 


ОН 


ЕСООН ZN 1.(CH3)2CuLi 
———— 


| 
c. CH;CH=CHCH; ЕЕ CH3CH—CHCH; 2. HCI D тен 


CH; 


сшсснен, 
CH; 


Once some bromocyclohexane has been converted to a Grignard reagent, the Grignard reagent reacts with 
the bromocyclohexane that has not been converted to a Grignard reagent. 


Qoi O90 — 0-0 


+ MgBr 


The student did not get any of the expected product, because the Grignard reagent removed a proton from 
the alcohol group. Addition of HC1/H,O protonated the alkoxide ion and opened the epoxide ring. 


НС. „О HC. „O H3C, OH 
OH 
HCl 
од ОН 


ОН 


CuLi 1. А СЊСЊОН 
__РВз | LlLl Li .2HCl , НС! 
pyridine _ осш Cul 
Y^ 


__РВз — 
“pyridine 


ро 
-е—— 
Е 


MgBr 


Remember that the double bond that comes from the alkenyl-organoboron compound always has the 
E (trans) configuration. 
Both double bonds in С have the Z configuration. 


а. C cannot be prepared by a Heck reaction because the double bond in the alkenyl-organoboron 
compound reactant of a Heck reaction always has the E configuration in the product. 
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A cannot be directly synthesized by a Heck reaction. A Heck reaction couples a vinylic halide and an 
alkene, so the product contains at least two double bonds. However, A can be made by a Heck reaction 
followed by reduction of the double bonds. 


ш == = 
= Su PdL, Es 
T (CH3CH,),N 


н, | РАС 


b. The starting materials for the synthesis of A are shown above. Those for ће synthesis of В are shown 
here. 


= fie ~ 
+ 


43. CH3CH = CHCH;CH; : 
2-pentene 


А = CH4CH— В = CH4CH;CH— 


А = apiece containing two carbons 
B = apiece containing three carbons 
The two pieces can be put together in four different ways. 


A—A B—B A—B B—A 


Two of the four pieces (A—B and B—A) represent 2-pentene. Therefore, the maximum yield of 2-pentene 
is 50%. 


44, Bombykol can be prepared using a Suzuki reaction. First make the organoboron compound. Draw the 
vinylic bromide so that you can see what product will be obtained from the coupling reaction. 


H—B(OR), (КОВ ОН 
> deb ИОН Н—ВОК); _ 2 


OH 
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Bombykol сап also ђе prepared using a Heck reaction. 


Lindlar 


catalyst 27 OH 
л d он == 
2 “Вг 
PdL, 
(CH3CH))3N 


OH 


45. a. 2-butene and 3-hexene 
b. Two symmetrical alkenes. The only alkenes that will be synthesized other than the target alkene are the 
reactant alkenes. 


46. Br 
+ (CH,=CH),CuLi ———- 
кыы | 
~ 
Вг / О ара 
+ PS B ШЕШ 
А 


Вг Y BEN 
+ CH,—CH, ———— 
S (СНАСН УМ 


О 


47. There are three possibilities: A, В, апа С. Only the bromine bonded to the benzylic carbon can be replaced 
by hydroxide ion via a nucleophilic substitution reaction. Both bromines in each compound can react with 
magnesium to form a Grignard reagent. When the Grignard reagents are treated with acid, a H replaces 
each of the bromines, so all three compounds form toluene. 


CH3Br CH3Br СН,Вг 
СК ог ог LY 
Br Br 


A B C 


Compound A, for example, reacts as follows: 
CH,Br CH4OH CH3Br CH4MgBr CH; 
HO” Mg HCI 
Et,O 
Br Br Br MgBr 
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О CH; | | 
48. a. Sm b. oc с. (S ( N 


49. Some alkenes can undergo ring-opening metathesis to form high-molecular-weight polymers. Relieving 
the strain of a ring that contains a double bond (recall that sp? carbons have 120? bond angles) causes the 
reaction to go to completion. 


a. First draw the product obtained by breaking the double bond and forming new double bonds. Seeing 
that six-membered rings are formed allows you to draw a reasonable structure for the polymer. 


—— —CH--CHCHCH;CH;CHCH —CHCHCH;CH;CHCH —CH — 


|- CH=CH CH=CH 
| С „Т 


b. ay — = —CH=CHCHCH,CH,CHCH=CHCHCH,CH,CHCH=CH — 


- сн=сн Конон Кенен 
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Chapter 11 Practice Test 


Which is more reactive, an organocadmium compound (electronegativity of Cd = 1.5) or an organolead 
compound (electronegativity of lead = 1.6)? 


Which of the following alkyl halides could be used to form a Grignard reagent? 


H 
N 
РУЦИ PU pU PU N 


What are the products of the following reactions? 


u A = 
СТ + 2" (CH43CH)4N 
b Br 
СТ + (CH;CH,CH,),CuLi — 


PdL 
+ Ре“ о“ >“ (ОВ), Pih 


we A E 
2 NBr + 2 (CH;CH,),N 
b. Д i 
І” Вг + (СНзСН,СН, )2CuLi } 
Д 


ИМАМЕ Pdl, 
Br + 2 NB(OR} — 


What are the products of the following reactions? 


Grubbs 
a. ыч catalyst 
Grubbs 
b. г "ч __catalyst _ 
Grubbs 
с. РМ ыш catalyst 
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Indicate how each of the following compounds can be prepared using the given starting material: 
№ — 
/ N "4 N 


CHCH; 


Br H 
b. B: CHOH Cx CH5CH;9CH50H 


What alcohols are formed from the reaction of ethylene oxide with the following organocuprates? 


a. (CH43CH;CH,;),CuLi b. O 
2 


Which of the following can be used as a reactant in a Heck or Suzuki reaction? 


we. — N TPS 
З S Br 
Ш“ " Q A CS : СТ 
Вг 


Show how the following compounds сап be prepared by: 


а. a Heck reaction b. а Suzuki reaction 


О 


What are the products of the following reactions? 


9 PdL, 
a. ZA Br + ELT HO- > 


Вг 


PdL 
b. E E SMS 2 
(CH,CH,CH,),N 


Using any needed reagents, show how the following synthesis can be carried out: 
O 
Br 
СТ кз SH 
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Radicals 


Important Terms 
alkane 

alkoxy radical 

allylic radical 
benzylic radical 
combustion 

free radical 

(radical) 
halogenation reaction 


heterolytic bond cleavage 
(heterolysis) 


homolytic bond cleavage 
(homolysis) 


initiation step 


peroxide 


peroxide effect 


primary alkyl radical 


propagation step 


radical (often called a 
free radical) 


radical addition reaction 
radical chain reaction 


radical inhibitor 


a hydrocarbon that contains only single bonds. 

an alkoxy group with an unpaired electron on oxygen (RO-). 
a species with an unpaired electron on an allylic carbon. 

a species with an unpaired electron on a benzylic carbon. 


a reaction with oxygen that takes place at high temperatures and converts alkanes 
(or other organic compounds) to carbon dioxide and water. 


an atom or a molecule with an unpaired electron. 


the reaction of an alkane (or other organic compounds) with a halogen. 


breaking a bond with the result that both bonding electrons stay with one of the 
previously bonded atoms. 


breaking a bond with the result that each of the atoms that formed the bond 
gets one of the bonding electrons. 


the step in which radicals are created and/or the step in which the radical needed 
for the first propagating step is created. 


a compound with an O — O bond. 


peroxide causes the initial step in the addition of HBr to an alkene to be addition 
of a bromine radical instead of a proton. 


an alkyl radical with the unpaired electron on a primary carbon. 
in the first of a pair of propagation steps, a radical reacts to produce another 
radical that reacts in the second propagation step to produce the radical that was 


the reactant in the first propagation step. 


an atom or a molecule with an unpaired electron. 


an addition reaction in which the first species that adds is a radical. 
a reaction in which radicals are formed and react in repeating propagating steps. 


a compound that traps radicals. 


410 
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radical initiator 


radical substitution 
reaction 


reactivity-selectivity 
principle 


saturated hydrocarbon 
secondary alkyl radical 
termination step 


tertiary alkyl radical 
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a compound that creates radicals. 


a substitution reaction that has a radical intermediate. 


the greater the reactivity of a species, the less selective it will be. 


a hydrocarbon that contains only single bonds (it is saturated with hydrogen). 
an alkyl radical with the unpaired electron on a secondary carbon. 
two radicals combine to produce a molecule in which all the electrons are paired. 


an alkyl radical with the unpaired electron on a tertiary carbon. 
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Solutions to Problems 


1. ch —“ 2а: } initiation 


ost ју 
ве 
| 


Cl: + а. — а, 


СІ: + Ф: EE ( у "M 
termination 
O-O—O-O 
2. Cb. — 20р 
C: + CH, ——- ‘СН, + HCl 
"СНз + Ch ——- СН:СІ + С> 
Cl + сња — сна + на 
"СНА + Cl ——~ СНС + С: 
Cl + CHCl  ——- СНС, + HCI 
СНС + Cl —~ СНС} + С: 
Cl- + CHC} —~ СС} + HCl 


СС + Ch — СС + с! 
Cl + «CC — Са, 


propagation 


сњ СН» 
3. a. СЊСЊСНСЊССЊСНз 
СН» 


b. six secondary hydrogens 


5. Solved in the text. 
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а. 4 One of the 3 alkyl halides has an asymmetric center, so it has К and 5 stereoisomers. 

b. 5 Two of the 3 alkyl halides has an asymmetric center, so each has К and 5 stereoisomers. 

с. 8 Three of the 5 alkyl halides have an asymmetric center, so each has R and 5 stereoisomers. 
4. 1 


e. 12 Two of the 5 alkyl halides have two asymmetric asymmetric centers, so each has 4 stereoisomers. 
One of the 5 alkyl halides has cis—trans stereoisomers. 


f. 14 Two of the 6 alkyl halides have two asymmetric asymmetric centers, so each has 4 stereoisomers. 
One of the 6 alkyl halides has one asymmetric center, so it has R and S stereoisomers. 
One of the 6 alkyl halides has cis—trans stereoisomers. 


h. 5 One of the 4 alkyl halides has an asymmetric center, so it has К and 5 stereoisomers. 
i. 5 One of the 4 alkyl halides has an asymmetric center, so it has К and 5 stereoisomers. 


Solved in the text. 


a. The major product is obtained from removal of a secondary hydrogen. 
CH, 
CH,CHCHCH; 
С 


b. The relative amounts of the four possible products are: 


6x 1=6 1х5=5 2х 3.8 = 7.6 3xX123 


7.6 
percentage of major product — 2L6 X 100 = 35% 
Chlorination, because the halogen is substituting for a primary hydrogen. 
Bromination, because the halogen is substituting for a tertiary hydrogen. 
c. Because the molecule has only one kind of hydrogen, both chlorination and bromination will form 
only one monohalogenated product. 


тр 


Solved in the text. 
CH; CH; 
a. CH,CHCH, —2— CH3CCH; 
pi 
CH3 CH; CH; 
b. CH,CHCH, —82_. CH;CCH; 278. Сн, =ССН; 
A 
CH; CH; CH; CH; 
с. CH3CHCH; —2°— СНЗССНз E2 cH, =ccHs СНЗССН: 
is | 
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12. To start peroxide formation, the chain-initiating radical removes a hydrogen atom from an a-carbon of the РОЗА 
ether. 


a. D is most apt to form a peroxide, because removal of a hydrogen from an a-carbon forms a secondary 
radical. 


b. В is least apt to form a peroxide, because it does not have any hydrogens bonded to its a-carbons. 


СН» 
Вг 


13. + Bre 


CH; 
СН; 
Вг Вг 
+ HBr + Br 


CH3 CH3 


| 
14. а. CH;C=CHCH; + HBr ——— єн CH 


Br 
CH3 CH3 
| | an 
b CH3;C=CHCH; + HCl ——- а 
СІ 
CH; СНз 
peroxide | 
с. СНЗС==СНСНз + HBr —m~ м 
Вг 
СН» СН» 
| peroxide | 
d. CH;C=CHCH; + на ———~ кы. 
Cl 
i jë ria 
15. а. CH,CHCH, c CH,CHCH,Cl + снуссн› 
achiral CI 
achiral 
р ia 
Cl; 
b. CH3CH;CH;CH5 Es CHEE CEC! + eii ARN: + н" 
achiral 3 Cl Cl CH; 
chiral chiral 
| ж 
enantiomers 
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17. 


18. 


19. 


20. 
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The major monobromination product results from bromination at a ternary carbon. Bromination can occur 
at either of the two tertiary carbons. Because the radical intermediate is 5р? hybridized and, therefore, pla- 
nar, the incoming bromine can add to a tertiary radical from either the top or bottom of the plane. Notice 
that the product (1-bromo-1,3-dimethylcyclohexane) has two asymmetric centers; therefore, four stereo- 
isomers are formed: R,R, R,S, 5,5, and S,R. 


Br р Вг 


Solved in the text. 


СН» Ён, Сн, 
| | 27 + Br. —— 3 ——- CY * HBr 
H Шо. | 


The product of the reaction in Problem 17 has one asymmetric center. Therefore, two allylic substituted 
bromoalkenes are obtained, one with the R configuration at the asymmetric center and one with the 
S configuration. 


Br Br 


(R)-4-bromo-2-pentene ^ (5)-4-бгото-2-репепе 


a. Two stereoisomers are formed because the reaction forms a compound with an asymmetric center. 


Br „Вг 
NBS, А_ А si 
peroxide + 


b. The reaction forms two constitutional isomers, and each constitutional isomer has two stereoisomers. 
CH; 


СНз 
NBS, A A 
LJ peroxide on — Q + HBr 
(n Nu 


on 
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21. а. 


22. а. 1. 


p 


с Рр" 
CUT 
ex ps 


ond ва 
There аге two sets of secondary allylic hydrogens, a and b (plus a less reactive set of primary allylic 
hydrogens on the methyl group). 
First, we need to determine which allylic hydrogen is the easiest one to remove. Removing one 
of the a allylic hydrogens forms an intermediate in which the unpaired electron is shared by two 


secondary allylic carbons. Removing one of the b allylic hydrogens forms an intermediate in which 
the unpaired electron is shared by a tertiary allylic carbon and a secondary allylic carbon. 


СН» СН» 
removing an removing an ; 
_Нбота | from a H from _Hfromb _ 


secondary secondary secondary tertiary 


Therefore, the major products are obtained by m à b allylic hydrogen. 
CH3 


H3C Br 
B _NBS, A _ 
b его бе 


1-methylcyclohexene 


Н.С Br Н.С Br СНз 


on 3. E 4. pr 


Each of the products has one asymmetric center. 
The R and the S stereoisomers are obtained for each product. 


СН» СН» 
Вг Н 
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2. The product has two asymmetric centers. 
Because addition of Вг is anti, only the stereoisomers with the bromine atoms on opposite sides of 


the ring are obtained. 
CH; Н.С 
Ж ФО 
Вг Вг 


3. The product does not have an asymmetric center, so it does not have stereoisomers. 


H3C Br 


4. The product has two asymmetric centers. 
Because radical addition of HBr can be either syn or anti, four stereoisomers are obtained as products. 


CH, нс 
on XQ 4 "Вг Br" | 
23. а. О 
“= Cy" ter-BuO™ ~ = Em 
|| 
CHjBr CH,OH C 
b. ‚ _NaOCl _ “н 
CH,COOH- 
0°C 
Br OH О 
NaOCl 
= Cy CH,COOH CY 
0°C 


(2 KE 
О 
|| 9 ОН 
em CY. tert-BuO- RCOOH HO- CY 


24. Four atoms (three carbons and one oxygen) share the unpaired electrons. 


O* О О О О: 
ОН ОН ОН ОН ОН 
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25. Antioxidants are radical inhibitors. That is, they react with radicals and, thereby, prevent radical chain 
reactions. There are several OH groups in a catechin that upon losing a hydrogen atom as a result of react- 
ing with a reactive radical, form a radical that is stabilized by electron delocalization. Because this highly 
stabilized radical is sufficiently unreactive, it cannot damage cells by reacting with them. An example of 
one of the stabilized radicals is shown below. 


ʻO О. ~ О О 


“OH “OH UM “он 
OH OH OH 


“OH “он 
OH OH 


26. a. СН» —CHCHCH;CH; — CHCH ==СНСН»СН,» 


[nr |в, 


CH= CHCHCHCH; t BrCH,CH=CHCH,CH; 
Br 


b. In the radical intermediate that leads to the major products, the unpaired electron is shared by a 
primary carbon and a tertiary carbocation. In the radical intermediate that leads to the minor products, 
the unpaired electron is shared by a primary and a secondary carbocation. It, therefore, is not as stable 
as the intermediate that leads to the major products. 


СНз СН» 
| | 
CH3C=-- CH-- CH; CH;--C--CHCH; 
б б 5° o 
СН» СН» СН» СН» 
| 
CH;C—CHCH?Br + CHE CHES Сн BrCH,C=CHCH; + CH;—CCHCH; 
Br Br 
major products minor products 


In bromination, selectivity is more important than probability. Therefore, even though twice as many 
hydrogens are available for removal by a bromine radical that leads to the minor products, they will 
still be minor products because the easier-to-remove hydrogens lead to the major products. 


с. С д. а е. по reaction 
Вг (There is no light or heat, 
. so radicals cannot be formed.) 
major product 


СН»С1 СНз CH; CH; 


а 
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CH3 СНз 
а. CH3CCH3 b. Get neben 
i А 3-methylhexane 
dimethylpropane 


Removing a hydrogen atom from ethane by an iodine radical is a highly endothermic reaction 
(AH? = 101 — 71 = 30 kcal/mol; see Table 5.1 on page 206 of the text), so the iodine radicals will 
reform I, rather than remove a hydrogen atom. 


CH;CH, + I -X- снн, + HI 


101 kcal/mol 71 kcal/mol 
CH; СН» 
а. b. ~ H3C CH; 
CH; CI CI 
а! CH 
i СН; 
Four secondary hydrogens Eich d 
can be removed to form же С Бесон се Six secondary 
this product. yarogens can be hydrogens can be 


removed to form 
this product. 


removed to form 
this product. 


Because a bromine radical is more selective than a chlorine radical, the bromine radical will remove a 
tertiary hydrogen to form a tertiary radical. 


Br СН» 
CH; H4C CH; 
a. b. c. 
СН; 
Вг CH3 Br CH3 
a d. Br 
СН; СН» СН; 
Вг СН» 
СН» 
| O | C3 
Br Br CH3 
с. i f. CH; СН; 
om er t 
Br 
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In d and f, because one product is under kinetic control and the other is under thermodynamic control, the 
major product depends on the conditions under which the reaction is carried out. 


CH; CH; 
32. б ӨН: CH4CHCH;CI 

а ох1=9 
1 хХх= х 
fraction of the total that is = 1-chloro-2-methylpropane UR 
1-chloro-2-methylpropane ^ 1-chloro-2-methylpropane + 2-chloro-2-methylpropane 

9 
Qul 0.64 


9 = 0.64 (9 + x) 
9 = 5.76 + 0.64x 
3.24 = 0.64x 
х=5 
We have found that it is five times easier for a chlorine radical to remove a hydrogen atom from a tertiary 
carbon than from a primary carbon. 


Cl 1 Cl С 


ор — ср – со • 
e 
у Вг a *Br 
Br 
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35. It is easier to break a C—H bond than a C— D bond. 
Because a bromine radical is less reactive (and more selective) than a chlorine radical, a bromine radical 
has a greater preference for the more easily broken C— H bond. Bromination, therefore, would have а 
greater deuterium kinetic isotope effect than chlorination. 


Br Br Br Br 


37. a. Five monochlorination products are possible. 


CH; CH;CI CI CH; CH; СНз СН» 
с, 
һу 
Cl 
Cl 


b. The two compounds below are obtained in the greatest yield because each one can be formed by 
removing one of four hydrogens to form a secondary radical. More of the compound on the left is 
obtained because the methyl group in the compound on the right provides some steric hindrance to the 


approach of the chlorine atom. 
CH; СН» 
: | „СІ 
СІ 


4 х 3.8 = 15.2 4 X 3.8 = 15.2 


с. Тһе number of possible stereoisomers for each compound is indicated below each structure. 


СН» СН2 < СН» СН» CH3 СНз 
СІ 
Br? 
ооо со. 
Cl 
1 | 4 4 Cl 


= ~~ 
These have 0 These have 2 | 2 
asymmetric centers. asymmetric centers. This does not have 


an asymmetric center, 
but has cis-trans isomers. 


Therefore, a total of 12 stereoisomers can be obtained. 


38. For an alkene to form the same product whether it reacts with HBr in the presence or absence of peroxide, 
it must be symmetrical about the double bond. 


CH; 


| 
a. b. CH3CH;CH = СНСЊСНа СНС == ССН; 
с15 ог (гап5 CH. 
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| CH; CH; Вг 
39. а. CH4CHCH;CI c. CH, HCHCH, e. CH; 
Dr 
CH; CH; CH=CH, 
b. CHCCH; d. CH,—CHCH,CH;CHCHjBr f. Br 
Br CH; 


-à Q 


Br 

b. _tert-Bu0 _МВ5,4 | 

"peroxide — 

Br 
Br ОСН; 
с. 2o tert-BuO^ NBS, A СНО“ 
—_—_ ——— — 
peroxide 

e "m 


Br 
.ter-BuO s _NBS,A A (СА Си 
“peroxide — 


„OCH; 


е. 
Í 
Bro tert-BuO™ RCOOH О 1. СЊОГ 
ћу 2. НСІ 
Вг 


41. а. This reaction has two sets of propagation steps because two different radicals are generated in the 
initiation step. This reaction also has several more termination steps because of the two different 
radicals generated in the initiation step. (Bond dissociation enthalpies can be found in Table 5.1 on 
page 206 of the text.) 


CH; CH; 


| | 
initiation њое сно · + Cl 
СН» СН» 


CH3 CH; 


| | . 
или + CH;CH3 нон + CH3CH, 


CH; CH; 


ti 
propagation CH; CH; 


. | 
CH3CH2 + сњеос: CH3CH,Cl + CH4CO- 


| 
СНз CH; 
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Cle + CH,CH, HCl + СЊСЊ 


opagati 
propagation CH; CH; 


А | 
CH3;CH, + Sed 


| 
CH3CH;CI + a 


CH; CH; 
This species enters the first propagation cycle. 
сњењ + с. CH4CH;CI 
CH; СН; CH, СН; 


сњо: + dno ——- CHICOS CHE 
CH; CH; CH; CH, 
CH; CH; 


| 
CH3CO $ + Сс ен CH4COCI 
termination | | 


CH; СНз 
CH; CH; 
CH,CO- + CH3CH; ёш. сен 
CH; e 
а: + а. — Ch 
CH;CH, + CH4CH, СН3СН›СН›СН» 


b. AH? = bonds broken — bonds formed 
Let x = the bond dissociation enthalpy of ће O— СІ bond. | 
—42 kcal/mol = [101 kcal/mol + xkcal/mol] — [85 kcal/mol + 105 kcal/mol ] 
—143 kcal/mol = x kcal/mol — 190 kcal/mol 
x = 47kcal/mol 


42. The reaction forms a product with two new asymmetric centers. 
CH; CH; 


Стане сон; 


Br 
Because the reaction involves both syn and anti addition, four stereoisomers are obtained. 
CH;CH; CHCH; | CHCH; CHCH; 
H CH; CH; H H CH; CH; H 
Br CH; CH; Br CH; Br Br CH; 
CH,CH; CH,CH; CH;CH; CH;CH; 
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43. a HOTS LEE 


peroxide 


b o JA HBr Ра ен CH,O- 


peroxide 


Br Br | \ 
но “4 < Ман ОМАК 
О 


~\“™0ocH, 


OH 
УС кыы НВг 
с. —— —— 
A “ peroxide 
Br 


d. Br, B 
ANA Вә < “ү “в HO". A“ АЫ 


PdL, Pad 
(CH,CH,);N | 
Хи Н, owe awe awe 
“Pd/C 2 “2 


CHaÇHCHCH; 


CH3 
2-methylbutane 


2-Methylbutane forms two primary alkyl halides, one secondary alkyl halide, and one tertiary alkyl halide. 
First, we need to calculate how much alkyl halide is formed from each primary hydrogen available, from 
each secondary hydrogen available, and from each tertiary hydrogen available. 


a primary alkyl halide 
CICH:CHCH,CHs 


CH; 
CHICHCH,CH,CI 
CH; 


a secondary alkyl halide 
Cl 


| 
сњенснен; 


CH; 
a tertiary alkyl halide 
Cl 


| 
CHsCCH:CHs 
CH; 


From the above calculations, we see that at 300 °C, the relative rates of removal of a hydrogen atom from a 


Substitution of any one of six hydrogens leads to this product. 
percentage of this product that is formed = 36% 
percentage formed per hydrogen available = 36/6 = 6% 


Substitution of any one of three hydrogens leads to this product. 
percentage of this product that is formed = 18% 
percentage formed per hydrogen available = 18/3 = 6% 


Substitution of any one of two hydrogens leads to this product. 
percentage of this product that is formed = 28% 
percentage formed per hydrogen available = 28/2 = 14% 


Substitution of the one tertiary hydrogen leads to this product. 
percentage of this product that is formed = 18% 
percentage formed per hydrogen available = 18/1 = 18% 


tertiary, secondary, and primary carbocation are: 


18: 14:6 = 3.0:23:1 
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In Section 12.4, we saw that at room temperature, the relative rates are: 


5.0: 3.8: 1 


Therefore, we can conclude that at higher temperatures, the radical is less selective about which hydrogen 
atom it removes. 


The chlorine radical is more reactive at the higher temperature (600 °C), so it is less selective. 


Ф 


m 


Br 


XLA 
Br Br 
Av + мч 
Br Br Br Br 
и Ce ше + мше 


Br Br 


Br Br 
A М 2 
N Br 
2 / 2 Z C 
Br Br 


CH,—H + CI—CI CH;—Cl + H—Cl 
105 58 84 103 


АН“ = bonds broken — bonds formed 
АН” = [105 kcal/mol + 58 kcal/mol] — [84 kcal/mol + 103 kcal/mol ] 
AH? = 163 — 187 = —24 kcal/mol 


CH;—H + а — CH, + на AH? = 105 — 103 = 2 kcal/mol 


CH, + а-а —— сњ—а + а AH? = 58 — 84 = —26kcal/mol 


Overall AH? = 2 + (–26) = —24 kcal/mol 


If you cancel the elements that are the same on opposite sides of the equations in part b and then add 
the two equations, you are left with the equation in part a. 


CH—H + Я — CH; + на 
CH, + аса — с-а + й 


CH, + Cl — CHCI + HCI 
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The overall AF? value is the same for both mechanisms. However, the mechanism that occurs is controlled 
by the first propagation step. The first propagation step of the alternative mechanism is very endothermic, 
so it would not be able to compete with the first propagation step of the mechanism shown in Problem 47b. 


CH,—H + а —- CH;—Cl + H AH? — 105 — 84 — 21 kcal/mol 
H + а—а — на + а AH? = 58 — 103 = —45 kcal/mol 
Overall AH? = 21 + (—45) = —24 kcal/mol 


ВО У OR RO 


ВО. + НСС, ——- ВОН + :CCh 


22у Ф, 
+ "СС — = —— у 
СС 
дч + HCCh —— Qy Мос, s= 
СС cch 
+ HCCh —~* + ССЗ 


The methyl radical that is created in the first propagation step reacts with Brz, forming bromomethane. 


Вг + CH, ——- СНз + HBr 
“СН» + Br — CH3Br + ‚Вг 


If HBr is added to the reaction mixture, the methyl radical that is created in the first propagation step of the 
bomination of methane can react with Вг, or with the added HBr. Because only reaction with Вг, forms 
bromomethane (reaction with HBr re-forms methane), the overall rate of formation of bromomethane is 
decreased. 


Br + CH, — “СН; + НВг 
-CH; + Bro — СЊВг + Br 
СН. + HBr — СН + Br 
R! R! 
R2 • R2 
В5 А R5 


R3 ~ R3 
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Chapter 12 Practice Test 


How many monochlorinated products would be obtained from the monochlorination of the following 
alkanes? (Ignore stereoisomers.) 


RA «О 
+ > чи" 
т 
T 


What is the first propagation step in the monochlorination of ethane? 


When (S)-2-bromopentane is brominated, two 2,3-dibromopentanes are formed. Which of the following 
2,3-dibromopentanes are not formed? 


СН» СН» СН» СН» 
Н Вг Вг Н Вг Н Н Вг 
Н Вг H Br Br H Br H 
СЊСНа СН»СН» СН»СН» СН»СН» 


Determine the AH? of the two propagation steps in the monochlorination of ethane, using Table 5.1 on 
page 206 of the text. 


Rank the radicals from most stable to least stable. 
CH,CH,CH,CH —CH, CH,CH,CHCH=CH, 
CH4CH;CH;CH—CH CH,CHCH;CH—CH; 


Draw the product(s) of each of the following reactions, ignoring stereoisomers: 


CH; 
a. qa + NBS —À— 
peroxide 


b. CH,CH;CH—CH, + NBS = 


peroxide 
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a. Draw the products that are obtained from the monochlorination of the following alkane at room 
temperature. (Ignore stereoisomers.) 


CH; сњ 


| 
снаи о c 
CH; 


b. Which product is obtained in greatest yield? 


c. Which product would be obtained in greatest yield if the alkane is brominated instead of chlorinated? 


Calculate the yield of 2-chloro-2-methylbutane (as a percentage of all the monochlorinated products 
obtained) when 2-methylbutane is chlorinated in the presence of light at room temperature. 
What is the major product of each of the following reactions? Ignore stereoisomers. 

СН» CH; 


| | 
a. CH;CH=CCH,CH3 + НВг c. CH3CH-—CCH;CH; + HCl 


CH; | СНз 


регохійе 


| 
b. CH;CH=CCH,CH; + НВг === а. CH;CH=CCH,CH; + На 


peroxide 


Which of the above reactions forms more than one stereoisomer? 
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Mass Spectrometry; Infrared Spectroscopy; Ultraviolet/Visible Spectroscopy 


Important Terms 


absorption band 


auxochrome 


base peak 


Beer-Lambert law 


bending vibration 
chromophore 

a-cleavage 
electromagnetic radiation 
electronic transition 


fingerprint region 


fragment ion peak 
frequency 

functional group region 
highest occupied molecular 
orbital (HOMO) 

Hooke’s law 

infrared radiation 

infrared spectroscopy 
infrared spectrum 

(IR spectrum) 


Алах 


а signal in a spectrum that occurs as a result of absorption of energy. 


a substituent that when attached to a chromophore alters the Алл, and intensity of 
absorption of UV/Vis radiation. 


the peak in a mass spectrum with the greatest intensity. 


an equation that states the relationship between the absorbance of UV/Vis light, the 
concentration of the sample, the length of the light path, and the molar absorptivity. 


a vibration that does not occur along the line of the bond. 

the part of a molecule responsible for a UV or visible spectrum. 
homolytic cleavage of an alpha substituent. 

radiant energy that displays wave properties. 

promotion of an electron from its HOMO to its LUMO. 


the right-hand third of an IR spectrum (1400-600 ст” !), where the absorption 
bands are characteristic of the compound as a whole. 


a positively charged fragment of a molecular ion. 
the velocity of a wave divided by its wavelength. 


the left-hand two-thirds of an IR spectrum (4000-1400 ст“ !), where most 
functional groups show absorption bands. 


the highest energy molecular orbital that contains electrons. 


an equation that describes the motion of a vibrating spring. 
electromagnetic radiation familiar to us as heat. 


spectroscopy that uses infrared radiation to provide a knowledge of the functional 
groups in a compound. 


a plot of relative absorption versus wavenumber (or wavelength) of absorbed 
infrared radiation. 


the wavelength at which there is maximum UV/Vis absorbance. 


429 
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lowest unoccupied molecular the lowest energy molecular orbital that does not contain electrons. 


orbital (LUMO) 


mass spectrometry 


mass spectrum 


McLafferty rearrangement 


molar absorptivity 
molecular ion (M) 
nominal molecular mass 
radical cation 


rule of 13 


spectroscopy 
stretching vibration 
ultraviolet light 


UV/Vis spectroscopy 


visible light 
wavelength 


wavenumber 


an instrumental technique that provides a knowledge of the molecular weight and 
certain structural features of a compound. 


a plot of the relative abundance of the positively charged fragments produced in a 
mass spectrometer versus their m/z values. 


rearrangement of the molecular ion of a ketone that contains a y-hydrogen; the 
bond between the æ- and 8-carbons breaks, and a y-hydrogen migrates to the 
oxygen. 

the absorbance obtained from a 1.00 M solution in a cell with a 1.00 cm light path. 
the radical cation formed by removing one electron from a molecule. 

mass to the nearest whole number. 


a species with a positive charge and an unpaired electron. 


a rule that allows possible molecular formulas to be determined from the m/z value 
of the molecular ion. 


study of the interaction of matter and electromagnetic radiation. 
a vibration occurring along the line of the bond. 
electromagnetic radiation with wavelengths ranging from 180 to 400 nm. 


the absorption of electromagnetic radiation that is useful in determining informa- 
tion about conjugated systems. 


electromagnetic radiation with wavelengths ranging from 400 to 780 nm. 
distance from any point on one wave to the corresponding point on the next wave. 


the number of waves in 1 cm. 
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Solutions to Problems 


1. Only positively charged fragments are accelerated through the analyzer tube. 
+ + + 
CH,CH,CH, [CH3,CH,CH;] CH CH=CH, 
2. The peak at m/z = 57 is more intense for 2,2-dimethylpropane than for isopentane or pentane. The peak 


at m/z = 57 is due to loss of a methyl radical: loss of a methyl radical from 2,2-dimethylpropane forms 
a tertiary carbocation, whereas loss of a methyl radical from isopentane or pentane forms a less stable 
secondary and primary carbocation, respectively. 


+ 


CH3 5 a 
ee —— CH3CCH; + CH, 
n та = 57 
2,2-dimethylpropane a tertiary carbocation 
+ 
CH; У + • 
| CH4CHCH;CH; + CH; 
CH4CHCH;CH; 
miz = 57 
2-methylbutane a secondary carbocation 
T + . 
| CH.CH;CH;CHCHs| CH3CH,CH,CH, + CH; 
pentane mlz = 57 


a primary carbocation 


Notice that the mass spectrum of isopentane can be distinguished from those of the other isomers by the 
peak at m/z = 43. The peak at m/z = 43 is intense for isopentane because such a peak is due to loss of 
an ethyl radical, which forms a secondary carbocation. Pentane gives a less intense peak at m/z = 43 
because loss of an ethyl radical from pentane forms a primary carbocation. 2,2-Dimethylpropane does not 
show a peak at m/z — 43 because it does not have an ethyl group. 


CH; t СНз 


| | 
СЊСНСЊСН > CH3CH + CH;CH; 


ті = 43 
a secondary carbocation 


Ы + $ 
| CH.CH;CH;CH;CHs| СН:СНСН, + CHCH, 


miz = 43 
a primary carbocation 
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3. Intense peaks are expected at m/z = 57 for loss of an ethyl radical (86 — 29) and at m/z = 71 for loss of 
а methyl radical (86 — 15). 
+ | (н 
CH4CH;CHCH;CH; CEC RICH E CHCH 
ті = 57 
+ 
СН» Š + à 
| CH3CH;CHCH;CH5 + СНз 
CH3CH;?CHCH;CH; mires] 


A secondary carbocation is formed in each case. Because an ethyl radical is more stable than a methyl radical, 
the base peak is most likely at m/z = 57. 


4. 

5. a. 
b. 
с. 
9. 

6. а. 
b. 
с. 

7. а 


Solved in the text. 


Dividing 72 by 13 gives 5 with 7 left over, giving a base value of C5Hj;;. Because the compound 
contains only carbons and hydrogens, we know that the base value is also the molecular formula of the 
compound. 

Dividing 100 by 13 gives 7 with 9 left over, giving a base value of C;H;g. Because the compound 
contains one oxygen, an O must be added to the base value and one C and four Hs must be subtracted. 
Therefore, the molecular formula is СеН 20. 

Dividing 102 by 13 gives 7 with 11 left over, giving a base value of СУН. Because the compound 
contains two oxygens, two Os must be added to the base value and two Cs and eight Hs must be 
subtracted. Therefore, the molecular formula is C5H490;. 

Dividing 115 by 13 gives 8 with 11 left over, giving а base value of СаН). Because the compound 
contains one oxygen, an O must be added to the base value and one C and four Hs must be subtracted. 
Because the compound contains an N, an N must be added to the base value and one C and two Hs 
must be subtracted. Therefore, the molecular formula is CcH,43NO. 


1. 15 + (3X 14) + 16 = 73 2. 16 + (3 х 14) + 16 = 74 

An alkane has ап even-mass molecular ion. If а СН» group (14) of an alkane is replaced by ап NH 
group (15) or if a CH; group (15) of an alkane is replaced by an NH) group (16), the molecular ion will 
have an odd mass. 


A second nitrogen in the molecular ion will cause it to have an even mass. 
Thus, for a molecular ion to have an odd mass, it must have an odd number of nitrogens. 
An even-mass molecular ion either has no nitrogens or has an even number of nitrogens. 


Dividing 86 by 13 gives 6 with 8 left over, giving a base value of СеНл. 


If the compound contains only carbons and hydrogens, the base value is also the molecular formula of 
the compound. Some possible structures are: 
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If the compound contains one oxygen, the molecular formula is С;Н, О. Some possible structures are: 
O O O 
Pu SaL, gon m p 
О 
If the compound contains two oxygens, the molecular formula is C4H60O2. Some possible structures аге: 
О О О 
О 
( F An p 
O O 

b. Because the compound has an even-numbered mass, we know that it does not contain one nitrogen atom 

(see Problem 7). It could, however, contain two nitrogen atoms (С4Н,0\)). A possible structure is: 


H,NCH,CH=CHCH.NH, 


A hydrocarbon with molecular formula СоНоо has a molecular mass of 128. 
Because СУН = С„Н2и+2, we know that the hydrocarbon has no rings and по 7 bonds. 
The hydrocarbon is 2,6-dimethylheptane. 


CH; CH; CH; CH; 
CH4CHCH;CH;CH;CHCH; CH3CH + CH,CH,CH,CHCH; 
m/z = 43 
CH, CH; 
CH3CH + CH;CH;CH;CHCH,; 
i т/ = 85 
CH; CH; 
CH;CHCH, + CH;CH;CHCH; 
m/z = 57 
CH; CH; 
CH3;CHCH, + CH,CH,CHCH; 
: * 
m/z = 71 


2-Methyloctane is also expected to give a base peak of m/z = 43 because it, too, forms a secondary (isopropyl 
carbocation) together with a primary radical, and all other cleavages that form primary radicals form primary 
carbocations. However, we would expect fragments with m/z = 29 and 99 to be present to the same extent 
as those with m/z = 57, 85, and 71. Because fragments with m/z = 29 and 99 are not mentioned, we can 
conclude that the hydrocarbon is more likely to be 2,6-dimethylheptane than 2-methyloctane. 


CH; CH; 
CH,CHCH,CH,CH,CH,CH,CH; 


e + 
CH3;CHCH,CH,CH,CH, + CH,CH, 
m/z = 29 
CH; 
+ • 
CH3;CHCH,CH,CH,CH, + CH,CH; 
m/z = 99 
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9. The ratio is 1:2:1. / А 
To get the M peak, both Br atoms must be "Вг. To get the M+4 peak, they both must be *!Br. To get the 
М + 2 peak, the first Br atom can be "Br and the second ?! Br, or the first can be ®'Br and the second ! Br. 
So the relative intensity of the М+2 peak will be twice that of the others. 


M M42 M+4 
79 81 
Вг° Br 
Br УВ; Sp, By 81pr 3!p, 


10. The calculated exact masses show that only C6H;4 has an exact mass of 86.10955. 


СеНи 6(12.00000) = 72.00000 C,H,0» 4(12.00000) = 48.00000 

14(1.007825) = 14.10955 6(1.007825) = 6.04695 
86-10955 2(15.9949) — 31.9898 

86:03675 


СНи№  4(12.00000) = 48.00000 
10(1.007825) = 10.07825 
2(14.0031) = 28.0064 

86:08465 


11. а. А low-resolution spectrometer cannot distinguish between them because Феу both have the same 
molecular mass (29). у 
b. А high-resolution spectrometer can distinguish between these ions because they have different exact | 
molecular masses; one has an exact molecular mass of 29.039125, and the other an exact molecular 
mass of 29.002725. 


12. Because the compound contains chlorine, the M+2 peak is one-third the size of the M peak. Breaking 
the weak С — СІ bond heterolytically and, therefore, losing a chlorine atom from either the М+2 peak 
(80 — 37) or the M peak (78 — 35) gives the base peak with m/z = 43 (([CH4CH;CH,I ^). 


Relative abundance 


20 40 60 80 100 120 
m/z 


Mass spectrum of 1-chloropropane 
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The dominant fragmentation pathway in each case is loss of an alkyl radical via a-cleavage to form a 
cation in which all the atoms have complete octets. 

The base peak at m/z = 73 (88 — 15), due to loss of a methyl radical, indicates that a. is the mass 
spectrum of 2-methoxy-2-methylpropane. 

The base peak at m/z = 59 (88 — 29), due to loss of an ethyl radical, indicates that b. is the mass 
spectrum of 2-methoxybutane. 

The base peak at m/z = 45 (88 — 43), due to loss of a propyl radical, indicates that c. is the mass 
spectrum of 1-methoxybutane. 


CH; 
CH3CCH; CH3CH;?CHCH; CH3CH;2CH;?CH;0CH3 
ОСН; ОСН; 
2-methoxy-2-methylpropane 2-methoxybutane _ ]-methoxybutane 
+ 
а. СН›=ОН 
ті = 31 


= + 
ксн ӧн —©- к.@н Гон —~ в. + сњ=дн 
The molecular ions with m/z = 86 indicate that both ketones have the molecular formula C;H,9O. 
Spectrum a. shows a base peak at m/z = 43 for loss of a propyl (or isopropyl) radical (86 — 43), 
indicating that it is the mass spectrum of either ketone A or ketone B because each of these has a propyl or 
isopropyl group. The fact that the spectrum has a peak at m/z = 58, indicating loss of ethene (86 — 28), 
indicates that the compound has a y-hydrogen that enables it to undergo a McLafferty rearrangement. 
Therefore, the ketone must be A because B does not have a у-ћудгореп. 


A 
A B 


Spectrum b. shows a base peak at m/z — 57 for loss of an ethyl radical (86 — 29), indicating that it is the 
mass spectrum of А. 
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16. All three ketones have a molecular ion with m/z = 86. 
- р РИ | 
86 – 29 = 57 86 – 43 = 45 86 – 43 = 45 
The first one will have a base peak at m/z = 57, whereas the other two ketones will have base peaks 
at m/z = 43. 
The second one will have a peak at m/z = 58 due to a McLafferty rearrangement. 
The third one does not have any y-hydrogens. Therefore, it cannot undergo a McLafferty rearrangement, 
so it will not have a peak at m/z = 58. 
17. а. CH3CH;CH;CH;CH;0H 


|-- 


~ 
CHyCH)CH)CH) СН» = 
mlz = 88 


Н 


ОН 


D i 
СН»СН»СНСН»СН» I 
b. СИН es 
:ОН 
» 
Cit) c cC CH CHO, 
C 
ОН 


ті: = 116 


CH4CH,CH CCH;CH;CH;CH, 


Сон 


НЕ НСС 
S) 


E.) 


ш сш 


Gaye 


[\ +t а-сјеауаре 
————— 


a-cleavage 
—— 


CH,CH;CH;CH, + CH,—ÓH 
m/z = 31 


. + 
СНЗСНСНСНоСН, + H20 
т/х = 70 


+ е 
CH3CH,CH»CH»CH=OH + СЊСН 
miz = 87 


a-cleavage 


+ . 
CH3CH;CH —OH + CH;4CH;CH;CH; 
miz = 59 


CH2CH2CHCH2CH)CH2CH3 + ЊО 
miz = 98 


CH3CH)CHCH2CHCH2CH3 + H,O 
miz = 98 
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CH;CH; 
CH;CH; 0 —CCH;CH;CH; 


CH; 
-e 
CH;CH; СН›СН; 
CHCH, — 9 — CCH:CH;CH, СНзСН›— 0: + *CCHICH;CH; 
CH; СН; 
miz = 144 т/ = 99 
СЊСНз СН»СН» 
+. a-cleavage + А 
CH3CH— QC ССН;СЊСН; CH3CH;— O— CCH;CH;CH, + CH; 
ae тіс = 129 
CCH;CH; 
na Q-cleavage + . 
CRGO нен, СНС О СЕН + СЊСН; 
СН» СН» 
т/ = 115 
CHCH; 
AN a-cleavage + А 
и Сосон о соне + СЊСЊСЊ 
CH3 CH; 
m/z = 101 
CH;CH; CHCH; 


d 


[A 
CH; V сн; 0—с—сньсн,Сн» 


a-cleavage 
I 


+ • 
сше ке CHACHA, + CH; 


CH; CH; 
miz = 129 
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d. 


| 
CH3CCH,CH,CH,CH; 


CH; ae ССН»СН»СН»СН» 
т = 100 


+. 
:О 
IS 
CH3C еннен: 


-e 


e. ekna; 
CH; 


m/z = 92 and 94 


et 
CH;CH;CH Là 


a-cleavage 
— 


• + 
СНОВА Но 
a-cleavage 


a-cleavage 
— 


+ 
CH3CH,CH,CH,C=O + CH; 
míz = 85 


a-cleavage 
— die 


+ 
CH4CZÓ + СН.СН.СН.СН, 
mlz = 43 
+ 
McLafferty :OH 
rearrangement 


| 
CH3CCH? + CH= CHCH; 
miz = 58 


CH;CH¿ČH + :си 


СН» 
тіс = 57 


CH; 


t 5 
CH3;CH,CH = а : + СН» 
т/ = 77 апа 79 


+ А 
СНзСН = СІ: + CHCH, 
mlz = 63 and 65 


ЈЕ p 
cue Сб CH;C+ + :Вг: 

CH; CH; 

т/х = 136 and 138 miz = 57 


We know from Section 6.5 that when (2)-2-реп(епе reacts with water and an acid catalyst, 3-pentanol and 
2-pentanol are formed. Both alcohols have a molecular weight of 88. (Notice that the first step in solving 
this problem is to use chemical knowledge to identify the products.) The absence of a molecular ion peak is 
consistent with the fact that the compounds are alcohols. 


18. 


H3C СЊСНз 
N 7 H3SO, 
с=с + H,O СН»СН»СНСН»СН» + СНзСНСН»›СН»СН»+» 
"4 N | 
H H OH OH 
(ye renter 3-pentanol 2-pentanol 
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Spectrum a. shows a base peak at m/z = 59 due to loss of an ethyl radical (88 — 29), indicating that it is 
the spectrum of 3-pentanol. 


Spectrum b. shows а base peak at m/z = 45 due to loss of a propyl radical (88 — 43), indicating that it is 
the spectrum of 2-pentanol. 


a. 
b. 


2000 ст”! (The larger the wavenumber, the higher the energy.) 
850 nm (The shorter the wavelength, the higher the energy.) 


The wavelength is the distance from the top of one wave to the top of the next wave. We see that A has a 
longer wavelength than B. 

Infrared radiation has longer wavelengths than visible light because infrared radiation is lower in energy. 
Therefore, A depicts infrared radiation and B depicts visible light. 


a. 


1. C=C stretch A triple bond is stronger than a double bond, so it takes more energy to stretch 


a triple bond. 

2. C—H stretch It requires more energy to stretch a given bond than to bend it. 

3. С=М stretch А double bond is stronger than a single bond, so it takes more energy to stretch 
a double bond. 

4. С=0 stretch A double bond is stronger than a single bond, so it takes more energy to stretch 
a double bond. 

1. C—O Vibrations of lighter atoms occur at larger wavenumbers. 

2. C—C Vibrations of lighter atoms occur at larger wavenumbers. 


The carbon-oxygen stretch of phenol because it has partial double-bond character as a result of 
electron delocalization. 


За О) 


The carbon-oxygen double-bond stretch of a ketone because it has more double-bond character. 
The double-bond character of the carbonyl group of an amide is reduced by electron delocalization. 


| | 

YN ———- C 

qui SiS ae 2 

R^ “Мн, R^ "NH, 


The C—N stretch of aniline because it has partial double-bond character. 


[ve aa 
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23. A carbonyl group bonded to ап sp? carbon exhibits an absorption band at a larger wavenumber because 
a carbonyl group bonded to an sp? carbon of an alkene has greater single-bond character as а result of 
electron delocalization. 


| > ү 
С С 
RCH, ~ RCcHÉCH^ ^ e RCH—CH^ ~ 
sp? 2 


24. The C—O bond of the alcohol is a pure single bond. In contrast, the C—O bond of the carboxylic acid 
has double-bond character, so it is a stronger bond and, therefore, takes more energy to stretch it. 


б: 
RCH;—OH А 
| x “ӧн к “0н 


с›—О: 
| 


25. a. The C=O absorption band of an ester occurs at the largest wavenumber because the carbonyl group of 
an ester has the most double-bond character, since the predominant effect of the ester oxygen atom is 
inductive electron withdrawal. 


The C=O absorption band of an amide occurs at the smallest wavenumber because the carbonyl group 


of an amide has the least double-bond character, since the predominant effect of the amide nitrogen 
atom is electron donation by resonance. 


O O O 
O NH 
> > 
Ъ. The C=O absorption of the four-membered ring lactone occurs at the highest wavenumber because it 


is the least able to accommodate double-bond character in the ring, which is required if the carbonyl 
group is to have any single-bond character. 


О o- 
Nok p son 


The С==0 absorption of the six-membered ring lactone occurs at the lowest wavenumber because it is 
the most able to accommodate double-bond character in the ring. 


О 


Es" ? 
Шш! O 
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29. 


30. 
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Ethanol dissolved in carbon disulfide shows an oxygen-hydrogen stretch at a larger wavenumber. There is 
extensive hydrogen bonding in the undiluted alcohol and an oxygen-hydrogen bond is easier to stretch if it 
is hydrogen bonded. Therefore, the О — Н stretch will be at a smaller wavenumber. 


The absorption band at 1100 ст“ ! would be less intense if it were due to a С— М bond because a smaller 
change in dipole moment is associated with the stretch of a С— М bond compared to the change in dipole 
moment associated with the stretch of a С— О bond. 


а. 


The absorption band at 1700 ст“ ! indicates that the compound has а carbonyl group. 
The absence of an absorption band at 3300 ст”! indicates that the compound is not a carboxylic acid. 
The absence of an absorption band at 2700 cm“! indicates that the compound is not an aldehyde. 


The absence of an absorption band at 1100 ст! indicates that the compound is not an ester or an 
amide. The compound, therefore, must be a ketone. 


The absence of an absorption band at 3400 стт! indicates that the compound does not have an 
N—H bond. 


The absence of absorption between 2260 — 2220 ст! indicates that the compound does not have 
a C=N bond. 


The absence of a carbonyl absorption band between 1700 ст! and 1600 ст! indicates that the compound 
is not an amide. The compound, therefore, must be a tertiary amine or a quaternary ammonium salt. 


An aldehyde would show absorption bands at 2820 and 2720 cm !. A ketone would not have these 
absorption bands. 


An open-chain ketone would have a methyl substituent and, therefore, an absorption band at 
1385-1365 ст! that a cyclic ketone would not have. 


Cyclohexene would show an sp? C— Н stretch slightly to the right of 3000 ст“ !. Benzene would not 
show an absorption band in this region. 


The cis isomer would show a carbon-hydrogen bending vibration at 730-675 ст“ !, whereas the trans 
isomer would show a carbon-hydrogen bending vibration at 960—980 ст“ !. 


Cyclohexene would show a carbon-carbon double-bond stretching vibration at 1680-1600 ст! and 
an sp? carbon-hydrogen stretching vibration at 3100-3020 ст“ !. Cyclohexane would not show these 
absorption bands. 


A primary amine would show a nitrogen-hydrogen stretch at 3500-3300 ст“ !, and a tertiary amine 
would not have this absorption band. 


An absorption band at 1150-1050 ст“ ! due to a C—O stretching vibration would be present for the 
ether and absent for the alkane. 


An absorption band at 3300-2500 ст”! due to an O— H stretching vibration would be present for the 
carboxylic acid and absent for the ester. 


An absorption band at 1385-1365 ст! due to C—H bending vibrations of a methyl group would be 
present for methylcyclohexane and absent for cyclohexane. 


Only the terminal alkyne would show an absorption band at 3300 ст”! due to an sp C — Н stretching 
vibration. 
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31. 


32. 


33. 


34. 
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e. Ап absorption band at 1780-1650 ст”! due to a C=O stretching vibration would be present for the 
carboxylic acid and absent for the alcohol. 


f. Ап absorption band at 2960-2850 ст! due to a sp? C—H stretching vibration would be present for 
the compound with the methyl group and absent for benzene. 


2-butyne, Но, С], and ethene because they are symmetrical molecules. 


The absorption bands in the vicinity of 3000 ст“ ! indicate that the compound has hydrogens attached to 
both sp? and sp? carbons. The absence of absorptions at 1600-1800 cm ^! and the absence of broad absorp- 
tions between 2500 and 3650 ст“ ! rules out compounds containing C=O, N—H, and O—H groups. 
The lack of absorption at 1600 ст”! and 1500 ст”! indicates that the compound does not have a benzene 
ring. The sp? hydrogens, therefore, must be those of an alkene. 


The lack of significant absorption at 1600 ст! indicates that the compound must be an alkene with a rela- 
tively small (if any) dipole moment change when the vibration occurs. The absorption band at 965 ст“! 
indicates that the compound is a frans-alkene. 


The molecular ion with m/z = 84 suggests that the compound has a molecular formula of СН». The 
base peak with m/z = 55 indicates that the group that the molecular ion most easily loses most easily is 
an ethyl radical (84 — 29 — 55). Therefore, the ethyl group must be attached to an allylic carbon. The 
compound, therefore, is trans-2-hexene. 


allylic carbon 


H CH; — CH;CH 
a 2 2CH3 
/ N 
CH; H 


trans-2-hexene 


The absorption band at ~ 1700 cm“! indicates that the compound has a carbonyl group, and the absorption 
band at ~ 1600 ст! indicates that the compound has a carbon-carbon double bond. The absorption bands 
in the vicinity of 3000 ст”! indicate that the compound has hydrogens attached to both sp? and sp? carbons. 
The absorption band at ~ 1380 ст! indicates that the compound has a methyl group. Because the compound 
has only four carbons and one oxygen, it must be methyl vinyl ketone. Notice that the carbonyl stretch is at a 
lower frequency (1700 cm ^!) than expected for a ketone (1720 ст“ !) because the carbonyl group has partial 
single-bond character due to electron delocalization. 


О 
| 
CH; “сн=сн, 
А = с1< 
nis 
le 
0.52 
= = 4.1 X 10^ M 
Pe о 
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39. 


40. 
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А = cle 
gut 
le 
0.40 
в = ———— = 10,000 M`! cm”! 
4.0 х 10 


The compound has the same chromophore as methyl vinyl ketone. So it must have approximately the same 
value for its Ajax, Which is 219 nm. 


a. Blue results from absorption of light that has a longer wavelength than the light that produces purple 
when absorbed. The compound on the right has two N(CH3); auxochromes that cause it to absorb light 
with a longer wavelength than the compound on the left, which has only one N(CH3); auxochrome. 
Therefore, the compound on the right is the blue compound. 


b. They will be the same color at pH = 3 because the N(CH3), groups will be protonated and, therefore, 
will not possess the lone pair that causes the compound to absorb light of a longer wavelength. 


NADH is formed as a product; it absorbs light at 340 nm. Therefore, the rate of the oxidation reaction can 
be determined by monitoring the increase in absorbance at 340 nm as a function of time. 


alcohol dehydrogenase || n 
СЊСЊОН + NAD' ———————— C + NADH + H 


The Henderson-Hasselbalch equation (Section 2.10) shows that when the pH of the solution equals the pK, 
of the compound, the concentration of the species compound in the acidic form is the same as the concen- 
tration of the species compound in the basic form. 


From the data given, we see that the absorbance of the acid is 0. We also see that the absorbance ceases 
to increase with increasing pH after the absorbance reaches 1.60. That means that all of the compound is 
in the basic form when the absorbance is 1.60. Therefore, when the absorbance is half of 1.60 (or 0.80), 
half of the compound is in the basic form and half is in the acidic form; in other words, the concentration 
in the acidic form is the same as the concentration in the basic form. We see that the absorbance is 0.80 at 
pH = 5.0. Therefore, the pK, of the compound is 5.0. 


The molecular ion peak for these compounds is m/z — 86; the peak at m/z — 57 is due to loss of an ethyl 
radical (86 — 29), and the peak at m/z — 71 is due to loss of a methyl radical (86 — 15). 
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3-Methylpentane is more apt to lose an ethyl radical (forming a secondary carbocation and a primary 
radical) than a methyl radical (forming a secondary carbocation and a methyl radical). In addition, 
3-methylpentane has two pathways to lose an ethyl radical. Therefore, the peak at m/z = 57 is more 
intense than the peak at m/z = 71. 


CHsCH:CHCH CH, 


СН» 
3-methylpentane 


2-Methylpentane has two pathways to lose a methy] radical (forming a secondary carbocation and a 
methyl radical in each pathway), and it cannot form a secondary carbocation by losing an ethyl radical. 
(Loss of an ethyl radical would form a primary carbocation and a primary radical.) Therefore, it is 
more apt to lose a methyl radical than an ethyl radical, so the peak at m/z = 71 is more intense than 
the peak at m/z = 57. 


CHsCHCH:CHLCH; 


CH3 
2-methylpentane 


the change in the dipole moment when the bond stretches or bends 
the number of bonds that cause the absorption band 


the concentration of the sample 


43. Dividing 128 by 13 gives 9 with 11 left over, giving a base value of СУН. Because the compound is a 
saturated hydrocarbon, we know that the base value is also the molecular formula of the compound. Some 
possible structures are: 


44, The more conjugated double bonds in a compound, the greater its Алу. 


C, with 2 conjugated double bonds, has the smallest À max- 


D, with 5 conjugated double bonds, has the greatest À max- 


СО 
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An absorption band at ~ 1250 ст”! due to a C—O stretching vibration will be present for the ester 
and absent for the ketone. 


An absorption band at 720 ст! due to in-phase rocking of the five adjacent methylene groups will be 
present for heptane and absent for methylcyclohexane. 


An absorption band at 3650-3200 ст”! due to an O—H stretching vibration will be present for the 
alcohol and absent for the ether. 


An absorption band at 3500-3300 ст“ ! due to an N—H stretching vibration will be present for the 
amide and absent for the ester. 


The secondary alcohol will have an absorption band at 1385-1365 ст”! for the methyl group. The 
primary alcohol does not have a methyl group, so it will not have this absorption band. 


The trans isomer will have a C — Н bending absorption band at 980—960 ст“ !, whereas the cis isomer 
will have the absorption band at 730-675 cm !. In addition, a weak C=C absorption band at 
1680-1600 ст“ ! will be present for the cis isomer and absent for the trans isomer because only the 
trans isomer has no dipole moment. 


The C=C absorption band will be at a larger wavenumber for the ester (1740 ст!) than for the 
ketone (1720 ст '). 


The C=O absorption band will be at a larger wavenumber for the B,y-unsaturated ketone (1720 ст!) 
than for the a,8-unsaturated ketone (1680 ст“ '), since the double bonds in the latter are conjugated. 


The alkene will have absorption bands at 1680-1600 ст”! due to a C=C stretching vibration and at 
3100-3020 ст”! due to an sp? C—H stretching vibration that the alkyne will not have. The alkyne 
will have an absorption band at 2260-2100 ст! that the alkene will not have. 


An absorption band at ~ 2820 and ~ 2720 ст“ ! due to the aldehyde C — H stretching vibration will be 
present for the aldehyde and absent for the ketone. 


Absorption bands at 1600 ст“! and 1500 ст“! (aromatic ring stretching vibrations) and at 3100- 
3020 cm™! (sp? C—H stretching vibration) will be present for the compound with the benzene ring 
and absent for the compound with the cyclohexane ring. An absorption band at 2960-2850 ст“ ! due 
to an sp? C—H stretching vibration will be present for the compound with the cyclohexane ring and 
absent for the compound with the benzene ring. 


Absorption bands at 990 ст”! and 910 ст”! due to an sp? C—H bending vibration will be present for 


the terminal alkene and absent for the internal alkene. 


If the reaction had occurred, the intensity of the absorption bands at ~ 1700 ст“ ! (due to the carbonyl 
group) and at ~2700 ст! (due to the aldehyde C — H bond) of the reactant would have decreased. If 
all the aldehyde had reacted, these absorption bands would have disappeared. 


If all the МН,М№Н, had been removed, there would be no N — Н absorption at ~ 3400 cm" !. 


If the force constants are approximately the same, the lighter atoms absorb at higher frequencies. 


C—C > C—N > C—O 
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Enovid would have its carbonyl stretch at a higher frequency. The carbonyl group in Norlutin has some 
single-bond character because of electron delocalization as a result of having conjugated double bonds. 
The single-bond character causes the carbon-oxygen bond to be easier to stretch than the carbon-oxygen 
bond in Enovid, which has isolated double bonds and, therefore, no electron delocalization. 


оно 


Norlutin 


3600 ст“! 


OH 3300-3000 1700 | C—O 1250—1050 


| 
NH 3600-3200 | RCH 1600 | C—N 1230-1030 


sp CH 3300 


sp? CH 3050 


The molecular weight of each of the alcohols is 158. The peak at m/z = 140 is due to loss of water 
(158 — 18); each of the alcohols will show such a peak. The peaks at m/z = 87, 115, and 143 are due to 
loss of a group with five carbons (С;Н, |), a group with three carbons (СаН7), and a methyl group, respec- 
tively. Only 2,2,4-trimethyl-4-heptanol can lose all three groups via a-cleavage. 


b d QU 


EN 
OH 


CH;—CHCH;CH;CH-CH; CH4CH—CHCH-—CHCH; 
1, S-hexadiene 2,4-hexadiene 


One way to distinguish the two compounds is by the presence or absence of an absorption band at 
~ 1370 ст! due to the methyl group that 2,4-hexadiene has but that 1,5-hexadiene does not have. In 
addition, 2,4-hexadiene has conjugated double bonds; therefore, its double bonds have some single-bond 
character due to electron delocalization. Consequently, they are easier to stretch than the isolated double 
bonds of 1,5-hexadiene. Therefore, the carbon-carbon double-bond stretch of 2,4-hexadiene will be at a 
smaller wavenumber than the carbon-carbon double-bond stretch of 1,5-hexadiene. 
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The fact that the abundance of the M+2 peak is 30% of the abundance of the M peak indicates that the com- 
pound has one chlorine atom. The peak at m/z = 77 is due to loss of the chlorine atom (112 — 35 = 77). 
The fact that the peak at m/z = 77 does not fragment indicates that it is a phenyl cation. Therefore, the 


compound is chlorobenzene. 


Dividing 112 by 13 gives 8 with 8 left over, giving а base value of СзН с, and because the compound is a 
hydrocarbon, this is also its molecular formula. The molecular formula indicates that it has one degree of 
unsaturation, which is accounted for by the fact that we know it has a six-membered ring. Possible struc- 
tures are shown here. Possible stereoisomers are not shown: the second and third structures have three 
stereoisomers, and the fourth structure has two stereoisomers. 


o^ СС О oO 


The absorption band at ~ 1740 ст”! indicates that the compound has а carbonyl group, and the absence 
of an absorption band at ~ 1380 ст“ ! indicates that it has no methyl groups. The absence of an absorption 
band at ~ 1600 ст“! indicates that the compound does not have a carbon-carbon double bond, and the 
absence of an absorption band at ~ 3050 ст“! indicates that the compound does not have hydrogens 
bonded to sp? carbons. 


From the molecular formula, you can deduce that the compound is cyclopentanone. 


О 


Hydrogens are more electron-withdrawing than alkyl groups. Therefore, the carbonyl group bonded to 
two relatively electron-withdrawing hydrogens has the largest wavenumber for its C—O absorption band, 
whereas the carbonyl group bonded to two alkyl groups has the lowest wavenumber. 


О О О 
Do be d 
но ^H CHí Он сну “ен, 


The C=O absorption band of the three compounds decreases in the following order. 


O O О 
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57. 


58. 


Chapter 13 


The first compound has the С=О absorption band at the largest wavenumber because a lone pair on the 
ring oxygen can be delocalized onto two different atoms; therefore, it is less apt than the lone pair in the 
other compounds to be delocalized onto the carbonyl oxygen atom. 


o О 
| “ б: ог | P 


The third compound has the С==0 absorption band at the smallest wavenumber because its carbonyl group 
has more single-bond character due to contributions from two other resonance contributors. 


бад 


The ketone shown below will show peaks а! m/z = 85 (loss of a methyl group) and at m/z = 43 (loss of 
an isobutyl group) and a peak at m/z = 58 due to a McLafferty rearrangement. 


О 
|| 
“СУ. 
СН; СЊСНСНз 
СН» 
The ketone shown below will show peaks at m/z = 71 (loss of ап ethyl group) and at m/z = 57 (loss ОГ 


an isopropyl group). Because it does not have a у-ћудгореп, it cannot undergo a McLafferty rearragement. 
Therefore, it will not have a peak at m/z = 58. 


о=о 


сњен“ — `СН›СН» 


CH; 


a. The tiny molecular ion peak at 102 and the broad absorption at 3600 cm! indicate that the compound 
is an alcohol. The base peak at m/z = 45 indicates that the OH group is on the second carbon. The 
absence of significant peaks an m/z = 29 and 27 indicates that the compound does not have an ethyl 
group that can be cleaved from the molecule. The compound is 4-methyl-2-pentanol. 


CH,CH— ÔH 
m/z =45 
H,—+0H 
к Eo Е Pw Ж. 


miz -102. m/z = 84 
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59. The broad absorption band at ~ 3300 ст! indicates that the compound has an OH group. The absence 
of absorbance at ~ 1700 ст”! shows that the compound does not have a carbonyl group. The absence of 
absorption at ~2950 ст”! indicates that the compound does not have any hydrogens bonded to sp? 
carbons. Therefore, the compound is phenol. 


60. OH 
| oxidation || 
CH;CHCH,CH,CH; CH3CCH,CH,CH; 
A B 
но, A 
CH;—CHCH;CH;CH; + СНзСН = СНСН»СН» 
С р 
1. Оз, —78°C 1. Оз —78°С 
2. (СНу);5 2. (CH35S 
| | | | 
HCH + HCCH,CH,CH; СЊСЊСН + СН»СН 
E F G 


61. a. The absorption band at ~2100 ст”! indicates a carbon-carbon triple bond, and the absorption band at 
| ~ 3300 ст”! indicates a hydrogen bonded to an sp carbon. 


CH4CH;CH;CH5C =CH 
b. The absence of an absorption band at ~2700 ст! indicates that the compound is not an aldehyde, and 
the absence of a broad absorption band in the vicinity of 3000 ст”! indicates that the compound is not 
a carboxylic acid. The ester and the ketone can be distinguished by the absorption band at ~ 1200 ст“! 
that indicates the carbon-oxygen single bond of an ester. 
О 


A OCH2CH3 


с. The absorption band at ~ 1360 ст”! indicates the presence of a methyl group. 


e 


62. а. The broad absorption band at ~ 3300 ст! is characteristic of the oxygen-hydrogen stretch of an 
alcohol; the absence of absorption bands at ~ 1600 ст! and ~ 3100 ст“ ! indicates that it is not the 
alcohol with a carbon-carbon double bond. 


Тон 
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b. The absorption band at ~ 1685 ст! indicates a carbon-oxygen double bond. The absence of а 
strong and broad absorption band at ~ 3000 ст! rules out the carboxylic acid, and the absence of an 
absorption band at ~2700 ст“ ! rules out the aldehyde. Therefore, it must be one of the ketones. The 
ketone with the conjugated carbonyl group would be expected to show a С=О stretch at ~ 1685 ст” |, 
whereas the ketone with the isolated carbonyl group would show a C=O stretch at ~ 1720 ст '. 
Thus, the compound is the ketone with the conjugated carbonyl group. 


О 


с. The absorption band at ~ 1700 стг! indicates а carbon-oxygen double bond. The absence of an 
absorption band at ~ 1600 cm ! rules out the ketones with the benzene or cyclohexene rings. The 
absence of absorption bands at ~2100 стг! and ~ 3300 ст“ ! rules out the ketone with the carbon- 
carbon triple bond. Therefore, it must be 4-ethylcyclohexanone. 


won 
63. The absorption bands at ~ 2700 cm“! for the aldehyde hydrogen and at ~ 1380 ст! for the methyl group 
will distinguish the compounds. 


A will have the band at ~ 2700 ст“ ! but not the one at ~ 1380 cm !, 
B will have the band at ~ 1380 ст! but not the one at ~ 2700 ст“ !. 
C will have the band at both ~ 2700 ст! and ~ 1380 ст“ !. 


64. 1-Нехупе will show absorption bands at ~ 3300 cm”! for a hydrogen bonded to an sp carbon and at 
~ 2100 ст! for the triple bond. 


CH3CH,CH,CH,C= CH 
1-Вехупе 


2-Нехупе will show the absorption band at ~2100 ст“ ! but not the one at ~ 3300 cm™!. 


CH3CH,CH»C=CCH3 
2-hexyne 


3-Hexyne will not show the absorption band at either ~ 3300 ст“ ! or ~2100 ст“ ! (there is no change in 
dipole moment when the C=C stretches). 


CH,CH,C=CCH,CH3 
3-hexyne 
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Dividing 116 by 13 gives 8 with 12 left over, giving a base value of CgHy9. Because the compound contains 
two oxygens, two Os must be added to the base value and two Cs and eight Hs must be subtracted. There- 
fore, the molecular formula is СеН/20;. Some possible structures аге: 


Р РР Р ee Уу он 


The concentration of benzene can be determined using the Beer-Lambert law, because only benzene 
absorbs light of 260 nm and the length of the light path of the cell (1.0 cm) and the molar absorptivity of 
benzene at 260 nm (2) are known. 


Beer-Lambert law: A = cle 


А А 
Therefore, the concentration of benzene = le 
= 


а О с. C—O ~1050 cm! е. sp СН 3300 cm“! (narrow) 
НЕА = -l == -1 
pu 2700 cm-! O—H 3600-3200 ст“! (broad) C=C 2100cm 
О 
| 1700 ст“! 
С 
С= 1600 ст“! 
b. | d. | Ё | 
=l -1 -! 
С 1700 ст С 1700 ст С 1700 ст 
C—N ~1030 ст“ О 
1500 ст“!, 1600 ст-! p -3000 ст-! (broad) 
N—H 3500-3300 ст“! OH 
C—O ~1250 ст“!, ~1050 ст“! C—O ~1250 ст! 


Calculating the term іп Hooke’s law that depends оп the masses of the atoms joined by a bond fora 
C—H bond and for a C—C bond shows why stretching vibrations for smaller atoms occur at larger 


wavenumbers. 


for a carbon-hydrogen bond 


nm, X т 


m tm 12-41 mp tm. 
| 12х1 m, X m 
_ 13 
12 
= 1.08 
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for a carbon-hydrogen bond 


12 + 12 
12 x 12 
m 
144 
0.17 
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69. The broad absorption band at ~ 3300 ст! indicates that the compound has an OH group. The absorption 
bands at ~ 2900 ст”! indicate that the compound has hydrogens attached to an sp? carbon. The compound, 
therefore, is benzyl alcohol. 


70. In an acidic solution, the three benzene rings are isolated from one another, so phenolphthalein is colorless. 
In a basic solution, loss of the proton from one of the OH groups causes the five-membered ring to open. 
As a result, the number of conjugated double bonds increases, causing the solution to become colored. 


OH 


71. a. The absorption bands at 1720 ст! and ~ 2700 ст“! (C—H of an aldehyde) indicate that the com- 
pound is an aldehyde. The absence of an absorption band at ~ 1600 cm ! rules out the aldehyde with 
the benzene ring. Therefore, it must be the other aldehyde. 


m 


b. The absorption bands at ~ 3350 ст”! and ~ 3200 ст! indicate that the compound is an amide 
(nitrogen-hydrogen stretch). The absence of an absorption band at ~ 3050 cm”! indicates that the com- 
pound does not have hydrogens bonded to sp? carbons. Therefore, it is not the amide that has a benzene 
ring. Thus, it must be the other amide. 


О 


Num 


с. The absence of absorption bands at ~ 1600 cm ^! and ~ 1500 ст“ ! indicates that the compound does 
not have a benzene ring. Therefore, it must be the ketone. This is confirmed by the absence of an 
absorption band at ~ 1380 ст“ !, indicating that the compound does not have a methyl group. 


2 


О 
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72. a. 
АМА and ДА 


The Aq will be at a longer wavelength, 
because there are three conjugated double bonds. 


OH OCH; 


The Aq of the phenolate ion is at a lon- The Алах is pH-independent, so it will be the 
ger wavelength than the А „аҳ of phenol. same at pH 7 and 11. 

Because the pK, of phenol is ~ 10, the 

Àmax Will be at a longer wavelength at 

pH = 11 than at pH = 7. 


The Алах will be at a longer wavelength 
because the carbonyl group is conjugated 
with the benzene ring. 


no у= + zu 
2Tc тут» 
12 12 
10 x 1050572 — + =) x 10-23 
z- 1 58 602 6.02 5 
— 2x 3.1416 X 3 x 10! cm s`! 12 12 
— x | —23 х —— x —23 
6.02 ^ 10 8х Gop Х 10 8 
я = — l Vioo x 1028 
18.85 x 1019 | 
y = 1 узб х 10“ 
18.85 х 100 | 
У = 1676 ст ! 
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a. 


с. 


The IR spectrum indicates that the compound is an aliphatic ketone with at least one methyl group. 
The M peak at m/z = 100 indicates that the ketone is a hexanone. The peak at 43 (100 — 57) for loss 
of a butyl radical and the peak at 85 for loss of a methyl radical (100 — 15) suggest that the compound 
is 2-hexanone. 


О 
|| 


С 
сну” ~CHyCH)CH)CH; 


This is confirmed by the peak at 58 for loss of ргорепе (100 — 42) as a result of a McLafferty 
rearrangement. 


+ • + 
ffi 
н; JEU, CHCCH, + CH;—CHCH; 


ве 
геагт. angement 
miz=58 


The equal heights of the M and M+2 peaks at 162 and 164 indicate that the compound contains 
bromine. The peak at m/z = 83 (162 — 79) 15 for the carbocation that is formed when the bromine 
atom is eliminated. The IR spectrum does not indicate the presence of any functional groups, and it 
shows that no methyl groups are present. The m/z peak = 83 indicates a carbocation with a formula 
of СЕН. The fact that the compound does not contain а methyl group indicates that the compound is 


bromocyclohexane. 


bromocyclohexane 


The absorption bands at ~ 1700 стт! and ~ 2700 ст“ ' indicate that the compound is an aldehyde. The 
molecular ion peak at m/z = 72 indicates that the aldehyde contains four carbons (С4НзО). The peak 
at m/z = 44 for loss of a group with molecular weight 28 indicates that ethene has been lost as a result 
of a McLafferty rearrangement. 


.+ + 
wx н 


\ | Мега 
CH, CHA CH,CH ae. бус + CH=CH; 
rearrangement Ы 


А McLafferty rearrangement сап occur only if the aldehyde has а y-hydrogen. The only four-carbon 
aldehyde that has a y-hydrogen is butanal. 


О 
| 
РА C ~ 
CH3CH,CH; H 
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Chapter 13 Practice Test 


Give one IR absorption band that can be used to distinguish the following pairs of compounds. Indicate the 
compound for which the band would be present. 


О О 

а. p 9 and p 
о О 

д Е ux en 


CH3;CH,CH,CH,OH and СЊСЊСЊОСЊ 


d. (cnet and { У сњоњон 
| ДА 


p 


О 


Н 
е. uon and 


f. CH3CH;CH = CHCH; and СН»СН»С —CCH; 
5.  CH;CH;Cz:CH and CH3;CH,C=CCH;, 
Indicate whether each of the following statements is true or false: 


a. The O—H stretch of a concentrated solution of an alcohol occurs at a higher 


frequency than the O— H stretch of a dilute solution. T F 
b. Light of 280 nm is of higher energy than light of 320 nm T F 
с. It takes more energy for a bending vibration than for a stretching vibration. T F 
d. Propyne will not have an absorption band at 3100 ст“ ! because there is 

no change in the dipole moment. T F 
e. The М+2 peak of an alkyl chloride is half the height of the M peak. T F 


The major peaks shown in the mass spectrum of a tertiary alcohol аге at m/z = 73, 87, 98, and 101. Iden- 
tify the alcohol. 


А 3.8 X 107^ M solution of cyclohexanone shows an absorbance of 0.75 at 280 nm in a 1.00 cm cell. 
What is the molar absorptivity of cyclohexanone at 280 nm? 
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How can you distinguish between the IR spectra of the following Е 


бу 


ы =“ 
Qn а o 
c 


Which compound has the greater Ajax? (300 nm is a greater A, than 250 nm.) 


4 


NH, NH, 
N 
ч 
b. CY and Cy ™ 


A solution of a compound with a molar absorptivity of 1200 М” іст! at 297 nm gives an absorbance of 
0.76 at that wavelength in a 1.0 cm quartz cell. What is the concentration of the solution? 


Draw possible structures for an alcohol that has a molecular ion with an m/z value of 60. 


A bond between a carbon and an atom of similar electronegativity breaks , whereas a bond 
between a carbon and a more electronegative atom breaks 
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NMR Spectroscopy 


Important Terms 
applied magnetic field 


chemically equivalent 
protons 


chemical shift 


ЗС NMR 

COSY spectrum 

coupled protons 

coupling constant 

DEPT C NMR spectrum 


diamagnetic anisotropy 


diamagnetic shielding 


diastereotopic hydrogens 


2-D NMR 
doublet 


doublet of doublets 


downfield 


effective magnetic field 


enantiotopic hydrogens 


Fourier transform NMR 
(FT-NMR) 


the externally applied magnetic field. 

protons with the same connectivity relationship to the rest of the molecule. 
location of a signal occurring in an NMR spectrum. It is measured downfield from 
a reference compound (most often TMS). 

nuclear magnetic resonance from carbon (C) nuclei. 

a 2-D NMR spectrum showing 'H-'H correlations. 

protons that split each other's signals. Coupled protons have the same coupling constant. 
the distance (in hertz) between two adjacent peaks of a split NMR signal. 

a group of four '3С NMR spectra that distinguish CH, CH, and CH groups. 

the term used to describe the greater freedom of 7 electrons to move in response 
to a magnetic field as a consequence of their greater polarizability compared with 
o electrons. 


shielding by the local magnetic field that opposes the applied magnetic field. 


two hydrogens bonded to the same carbon that will result in a pair of diastereo- 
mers when each of them is replaced in turn by deuterium. 


two-dimensional nuclear magnetic resonance. 

an NMR signal that is split into two peaks. 

an NMR signal that is split into four peaks of approximately equal height. A dou- 
blet of doublets is caused by splitting a signal into a doublet by one hydrogen and 
into another doublet by another (nonequivalent) hydrogen. 


farther to the left-hand side of the spectrum. 


the magnetic field that a nucleus "senses" through the surrounding cloud of 
electrons. 


two hydrogens bonded to a carbon that 15 bonded to two other groups that are 
nonidentical. 


a technique in which all the nuclei are excited simultaneously by an rf pulse, their 
relaxation monitored, and the data mathematically converted to a frequency spectrum. 
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geminal coupling 


gyromagnetic ratio 


HETCOR spectrum 


high-resolution ММВ 
spectroscopy 


1H NMR 
long-range coupling 
magnetic resonance 
imaging (MRI) 
methine hydrogen 
MRI scanner 
multiplet 
multiplicity 


N + 1гще 

ММЕ spectroscopy 
operating frequency 
prochiral carbon 
pro-R-hydrogen 
pro-S-hydrogen 
proton-coupled 


ЗС NMR spectrum 


proton exchange 


the mutual splitting of two nonidentical protons bonded to the same carbon. 


the ratio of the magnetic moment of a rotating charged particle to its angular 
momentum. 


а 2-D NMR spectrum showing PC-!H correlations. 


NMR spectroscopy that uses a spectrometer with a high operating frequency. 


nuclear magnetic resonance from hydrogen nuclei. 

splitting by a proton more than three o bonds away. 

NMR used in medicine. The difference in the way water is bound in different 
tissues produces the signal variation between organs as well as between healthy 
and diseased states. 

a tertiary hydrogen. 

an NMR spectrometer used in medicine for whole-body NMR. 

an NMR signal split by two (or more) nonequivalent sets of protons. 

the number of peaks in an NMR signal. 

a rule that states that an ЇН NMR signal for a hydrogen with N equivalent ћудго- 
gens bonded to an adjacent carbon is split into N + 1 peaks; a proton-coupled 
ЗС NMR signal for a carbon bonded to № hydrogens is split into № + 1 peaks. 
the absorption of rf radiation by nuclei in an applied magnetic field to determine 
the structural features of an organic compound. In the case of ЇН NMR spectros- 
copy, it reveals the carbon-hydrogen framework. 


the frequency at which an NMR spectrometer operates. 


a carbon (bonded to two hydrogens) that will become an asymmetric center if one 
of the hydrogens is replaced by deuterium. 


replacing this hydrogen with deuterium creates an asymmetric center with the К 
configuration. 


replacing this hydrogen with deuterium creates an asymmetric center with the S 
configuration. 


а C NMR spectrum in which each signal for a carbon is split by the hydrogens 
bonded to that carbon. 


the transfer of a proton from one molecule to another. 
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quartet 


reference compound 


rf radiation 


shielding 


singlet 
spin-spin coupling 


a-spin state 


В-ѕріп state 


splitting diagram 
(splitting tree) 


triplet 


upfield 
X-ray crystallography 


X-ray diffraction 
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an NMR signal that is split into four equally spaced peaks with an integral ratio of 
1:3:31. 


а compound added to Фе sample whose NMR spectrum is to be taken. The position 
of the signals in the NMR spectrum are measured from the position of the signal 
given by the reference compound. 

radiation in the radiofrequency region of the electromagnetic spectrum. 

the electrons around a proton shield the proton from the full effect of the applied 
magnetic field. The more a proton is shielded, the farther to the right its signal 
appears in an NMR spectrum. 

an unsplit NMR signal. 

the splitting of a signal іп ап NMR spectrum described by the № + 1 rule. 


nuclei in this spin state have their magnetic moments oriented in the same direction 
as the applied magnetic field. 


nuclei in this spin state have their magnetic moments oriented opposite the 
direction of the applied magnetic field. 


a diagram that describes the splitting of a set of protons. 

an NMR signal that is split into three equally spaced peaks with an integral ratio 
of 1:2:1. 

farther to the right-hand side of the spectrum. 

a technique used to determine the arrangement of atoms within a crystal. 


a technique used to obtain images that are used to determine the electron density 
within a crystal. 
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Solutions to Problems 


у 
1. у = 2, Po 
_ 26.75 X 10' rad T ! sec ! X 1.0T 
7 2(3.1416) rad 
= 43 X 106 sec"! 
= 43 x 10$ Hz = 43 MHz 
2. а >= 5 Bo b в = > — 
pat X 27 в. 500 X 106 х 2(3.1416) 
у E 26.75 x 107 
_ 360 x 10° x 2(3.1416) 314.2 
ит 26.75 X 107 Во = 56.75 
_ 2262 By = 11.75T 
0 26.75 
Ву = 846T 


From these calculations, you can see that the greater the operating frequency of the instrument (360 MHz 
versus 500 MHz), the more powerful the magnet (8.46 T versus 11.75 T) required to operate it. 


3 
4. а. 2 е. 1 i 5 m. 3 
b. 1 f. 4 b 3 n. 2 
c. 1 g. 3 k. 4 o. 3 
d. 4 h. 3 lL 3 
5. A would give two signals, В would give one signal, апа С would give three signals. 
6. a. H b. H с. Н 
Н С1 Н Cl H H 
H H H 
H Cl Cl H а Cl 
All the Hs are The Hs attached to the front The Hs attached to the 
equivalent. of the molecule are equivalent, front of the molecule are 
and the methylene Hs are equivalent, and the methylene 
equivalent. Hs are not equivalent. 
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downfield from TMS in Hertz 


7. hemical shift loce MID au OMM 
а а operating frequency in Megahertz 


a sini o E lis uim E cp 
"РР = 300 MHz РР 500 MHz 
x = 600 Hz x = 1000 Hz 
600 Hz 
8. О. 
а. 300 MHz “О РР 
b. The answer is still 2.0 ppm because the chemical shift is independent of the operating frequency of the 
spectrometer. 
x Hz 
с. 500МН; = 2.0 ррт 
х = 1000 
1000 Hz downfield from TMS 
9. a. The chemical shift is independent of the operating frequency. Therefore, if the two signals differ by 
1.5 ppm in a 300 MHz spectrometer, they differ by 1.5 ppm in a 100 MHz spectrometer. 
Hz 
b. a= 
мн, РР? 
90 Hz 
300 MHz о PPM 
x Hz 
S00MHz ^ PPM 
x — 150Hz 


They differ by 150 Hz. 


10. Magnesium is less electronegative than silicon. (See Table 11.1 on page 509 of the text.) Therefore, the 
peak for (CH3)2Mg would be upfield from the TMS peak. 


11. a. and b. 
| 
1. CH3CH;CH;CI 2. CH3CH;COCH; 3. ED 
| | | Br BUS 
most least most least most least 
shielded shielded shielded shielded shielded shielded 


(because it is 
attached to 2 
bromines) 
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12. 


13. 


14. 


15. 


16. 


Chapter 14 


Recall that the highest frequency signal is the one that is farthest to the left on the spectrum. The proton(s) 
that is underlined in the answer gives the higher frequency signal. 


a. СНСНСНВг с. ее e. CH3;CH,CH=CH 
Вг Вг Cl 
O 
b. a S d. oe CH;CH; f. CH3OCH;CH;CH; 
СН» СН» 
О 
а. CH3CH;CH;CI b. ЕНЕН EGH с. СН.СН, Н 
а 
О О 
| || 
а b Сс a b db a abd c. c 
a. CH3CH) H d. CH3CH;CHCH;CH; g. CH4CH;CH; CH; 
OCH; 
с 
| 
a c e b а ђ с c. d а bd с 
b. СЊСЊСНСНз e. СН»СН›СН» OCH, h. CH3CHCH20CH3 
OCH; СН» 
d a 
a 
CH; 
b a b а cd eb . ale db 
с. CICH;?CH;CH4CI f. а. i. nd E 
CH; Cl 
b 


From the direction of the electron flow around the benzene ring pictured in Figure 14.6 on page 631 of the 
text, you can see that the magnetic field induced in the region of the hydrogens that protrude out from the 
compound in this problem is in the same direction as the applied magnetic field. However, the magnetic 
field induced in the region of the hydrogens that protrude into the center of the compound is in the opposite 
direction of the applied magnetic field. 


Therefore, the signal at 9.25 ppm is for the hydrogens that protrude out because they need a higher 
frequency to come into resonance due to the fact that they sense a larger effective magnetic field since the 
induced and applied magnetic fields are in the same direction. The signal at —2.88 ppm is for the hydro- 
gens that protrude inward because a smaller frequency is necessary since the induced magnetic field and 
the applied magnetic field are in opposite directions. 


Each of the compounds would show two signals, but the ratio of the integrals for the two signals will be 
different for each of the compounds. The ratio of the integrals for the signals given by the first compound 
will be 2:9 (or 1:4.5), the ratio of the integrals for the signals given by the second compound will be 1:3, 
and the ratio of the integrals for the signals given by the third compound will be 1:2. 
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17. 


18. 


19. 


20. 


21. 


22. 
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Solved in the text. 


The heights of the integrals for the signals in the spectrum are about 3.5 and 5.2. The ratio of the integrals, 
therefore, is 5.2/3.5 = 1.5. This matches the ratio of the integrals calculated for B. (Later we will see that 
a Signal at ~7 ppm is characteristic of a benzene ring.) 


HC=c 202 с==сн CICH; 202 СНС 
4 _ 2 4 = 1.0 
2 CH3 СН» 4 Восн CHBr 


6 _ 4 _ 
4715 > =2 


The highest frequency signal in both spectra is the signal for the hydrogens bonded to the carbon that is 
also bonded to the halogen. Because chlorine is more electronegative than iodine, that signal should be 
at a higher frequency in the 'H NMR spectrum for 1-chloropropane than in the 'H NMR spectrum for 
1-iodopropane. Therefore, the first spectrum is the 'H NMR spectrum for 1-iodopropane, and the second 
spectrum is the 'H NMR spectrum for 1-chloropropane. 


C is easiest to distinguish because it will have two signals, whereas A and B will each have three signals. 


A and B can be distinguished by looking at the splitting of their signals. 


The signals in the 'H NMR spectrum of A will be (left to right across the spectrum): triplet, triplet, 
multiplet. 


The signals in the 'H NMR spectrum of B will be (left to right across the spectrum): doublet, multiplet, 
doublet. 


From the molecular formula and the splitting patterns of the signals, the spectra can be identified as the 'H 
NMR spectrum of: 


О 
| [ 
“он b. CICHCH/ “он 


а. A triplet is caused by coupling to two equivalent protons on an adjacent carbon. The two protons can 
be aligned in three different ways: both with the field, one with the field and one against the field, or 
both against the field. That is why the signal is a triplet. There is only one way to align two protons that 
are with the field or two protons that are against the field. However, there are two ways to align two 
protons if one is with and one is against the field: with and against or against and with. Consequently, 
the peaks in a triplet have relative intensities of 1:2:1. 


| d d 
| 
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Ь. A quintet is caused by coupling to four equivalent protons on adjacent carbons. The four protons can 
be aligned in five different ways. The following possible arrangements for the alignment of four pro- 
tons explain why the relative intensities of a quintet are 1:4:6:4:1. 


HL m mb О IN 
Ш 
Ш 
| 


23. а. three signals b. three signals с. two signals d. three signals 
CH3CH;CH;CH;CH5CH; ICH;CH;CH5Br CICH;CH;CH;CI ICH;CH;CHBr, 
triplet | triplet triplet | triplet triplet triplet | triplet 

multiplet multiplet quintet multiplet 


24. The nitro group withdraws electrons inductively and by resonance. 


H H 
bH NO; 
H H 
a € 
О o о м о О 
ои ee IR oc ee al 
м <= М = + м = м -— М 
`S + \o m \o Y 


The a protons are at the lowest frequency because the nitro group withdraws electrons only inductively 
from the carbons to which they are attached. 


The b and c protons are at a higher frequency because the nitro group withdraws electrons both inductively 
and by resonance from the carbons to which they are attached. 


The c protons are at the highest frequency because the nitro group withdraws electrons inductively more strongly 
from the carbons to which the c protons are attached since those carbons are closest to the nitro group. 
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Each compound will have two doublets. In addition, А will have two doublet of doublets, В will have one 
doublet of doublets and a singlet, and C will have no other signals. 


Br 
A Br B С 
four signals four signals two signals 
two doublets and two doublets, one two doublets 
two doublets singlet, and one 
of doublets doublet of doublets 


a. The signal at ~7.2 ppm indicates the presence of a benzene ring. The integrations shows that the ring 


has a single substituent; thus, the ring has a formula of СЕН». Subtracting СЕН» from the molecular 
formula of the compound (Сон); — C6H5) gives a substituent with a formula of C,H}. The triplet 
at ~0.9 ppm that integrates to 3 protons indicates a methyl group adjacent to a methylene group. The 
identical integration of the signals at 1.6 ppm and 2.6 ppm indicates two methylene groups. Thus, the 


compound is propylbenzene. 
C 2- CH;CH;CH5 


. The triplet that integrates to 3 protons and the quartet that integrates to 2 protons indicate a CH;CH, 


group bonded to an atom that is not bonded to any hydrogens. The molecular formula of С;Н О indi- 
cates that the compound is diethyl ketone. 


О 
|| 
CH,CH; ^  "CH;CH, 


The signals between ~7 and 8 ppm that integrate to 5 protons indicate the presence of a monosubsti- 
tuted benzene ring. Subtracting C,H, from the molecular formula of the compound (СоНюО› — СН;) 
shows that the substituent has a formula of СзН;О,. 


The triplet that integrates to 3 protons and the quartet that integrates to 2 protons suggest a CH4CH, 
group bonded to an atom that is not bonded to any hydrogens. Therefore, we can conclude that the 
compound is one of the following: 


О О 
р All 
^j COCH,CH, ог ÓCCH;CH; 


A B 


The substituent attached to the benzene ring in compound А withdraws electrons from the ring, 
whereas the substituent attached to the benzene ring in compound B donates electrons into the benzene 
ring. That one of the peaks of the benzene ring signal is at a higher frequency (farther downfield) than 
usual (78 ppm) suggests that an electron-withdrawing substituent is present on the benzene ring. This 
is confirmed by the signal for the СН, group at 4.3 ppm, indicating that the methylene group is adja- 
cent to an oxygen. Thus, the spectrum is that of compound А. 
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27. 


28. 
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5 = singlet, 4 = doublet, t = triplet, а = quartet, quin = quintet, d of 4 = doublet of doublets, and 
m = multiplet. 


t q 5 | 
| | | С 
а. CH3CH;CH;CH; b. BrCH;CH5Br с. Vs =C S 
d d H а 
s | | А | (Remember that equivalent 
| | Cl \ d hydrogens do not split 
d. СН» 202 OCH; е. ys = EN each other's signal.) 
s—H H 
qun m t | l | t m t | 5 
+ 
5. и. h. CH3;CHCH»CHCH; f. CHjCH;CH;CCH, 
Cl CH, CH d of d 
m d а а | 
| | хи 
i. CH3CH -t 
j. d — 3 К. а О у | 
| | а | 
5 4 Н C. | d 
The H on C-2 will not be split Nu ^ü 
by the H on C-3 because they ys С а 
are equivalent. The Hs on С-6 H H | Вг 
will not be split by the Hs on | || 
С-5 because the Hs on С-5 d 
and C-6 are equivalent. L t— -—$ 
d of d d S 
| f 5 | Вг 
| С1 СН; 
m. t— NO; n. СН» СН; о. ^c __ с^ 
/ N 
H H 
t | 
d d 


Each spectrum is described going from left to right. 
a. BrCH,CH,CH,CH,Br 
triplet triplet (This triplet will not be split by the adjacent equivalent protons.) 


b. two triplets (close to each other) singlet multiplet 


(The table “ЇН NMR Chemical Shifts” in Appendix V indicates that a methylene group adjacent to an 
RO and a methylene group adjacent to a Br appear at about the same place.) 
c. singlet (Equivalent Hs do not split each other’s signals.) 
d. quartet singlet triplet k. doublet doublet of septets doublet 
e. three singlets 1. triplet singlet quintet 
f. three doublets of doublets m. singlet 
n. 


g. quartet triplet singlet (Equivalent Hs do not split each other’s 


h. singlet quartet triplet signals.) 
i. doublet multiplet doublet о. singlet 
j triplet quintet p. quintet, multiplet, multiplet 
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| | 
29. а. CH3OCH;CH;OCH3 b. There are three possibilities: с. === 


| 
U СЫ ts ç Y. 
CH3OCH;C-: CCH;OCH; 
30. There is no coupling between H, and H, because they are separated by four o bonds. (We will see in 


Section 14.17 that unless the sample is pure and dry, a proton bonded to an oxygen is not split and does not 
split other protons.) 


There is no coupling between H, and H, because they are separated by five o bonds. 


31. The two singlets in ће ЇН NMR spectrum that each integrate to 3 protons suggest two methyl groups, one 
of which is adjacent to an oxygen. That the benzene ring protons (6.7—7.1 ppm) consist of two doublets 
(each integrating to two hydrogens) indicates a 1,4-disubstituted benzene ring. The IR spectrum also indi- 
cates a benzene ring (1600 and 1500 стг!) with hydrogens bonded to sp? carbons and no carbonyl group. 
The absorption bands in the 1250-1000 ст“! region suggest that there are two C—O single bonds, one 
with no double-bond character and one with some double-bond character. 


CH30 202 СН» 


32. а. zs b. am 


33. a. А b. Band D 
34. Solved in the text. 


Br Br Br 
а| а ba b | с 
35. CH3CCH3 BrCH5CH;CH;Br CH3CH»CHBr CH3CHCH;Br 
| a b c a db 
Br 
one signal two signals three signals four signals 
a singlet a quintet (a) and two triplets (a and c) three doublets 
a triplet (b) and a multiplet (b) (a, b, c) and a 
multiplet (d) 


36. Solved in the text. 


37. The OH proton of a carboxylic acid is more deshielded than the OH proton of an alcohol as a result of 
electron delocalization that decreases the electron density around the OH proton. In addition, the extent 
of hydrogen bonding affects the chemical shift of a proton bonded to an oxygen. Carboxylic acids exist as 
tightly hydrogen-bonded dimers (see page 693 in the text); this strongly deshields the OH proton. 


(9 од 


„СМ, Со + versus К-—О—Н 
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39. 


40. 


41. 


42. 


Chapter 14 


The greater the extent of hydrogen bonding, the greater the chemical shift. Therefore, Ше 'H NMR spec- 
trum of pure ethanol would have the signal for the OH proton at a greater chemical shift because it would 
be hydrogen bonded to a greater extent. 


ae У 


ROH + ÖH RO: + HOH 


It is the 'Н NMR spectrum of propanamide. Notice that the signals for the N—H protons are unusually 
broad. Because of the partial double-bond character of the C—N bond, there is no free rotation about the 
C—N bond, so the two N—H protons are not chemically equivalent. The quartet and triplet are character- 
istic of an ethyl group. 


О: 3 
Ч Д | 
CHCH% ш. CHCH; Ан 
H | 
а. 1. 3 4. 4 7. 3 
2. 3 5, 3 8. 3 
3. 2 6. 4 9. 2 


b. Ап arrow is drawn to the carbon that gives the signal at the lowest frequency. 


О 
|| HC, СН, 
1. CHyCH,CH)Br 4. СЊСН;“ “ОСН; ^ 


H4C H C CH 
2. Nec 5. CHCH “н 8. cu n ya | 
РА N A | A 


НС H CH; О 
а 
Н Н 
HU „Вг 
3. кыш. 6. 9. ATS 
H 
Each spectrum is described going from left to right: 
1. triplet triplet quartet 3. doublet quartet 5. doublet doublet quartet 
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NO; NO; NO; 
NO; 
NO; 
NO; 
a. 'HNMR two signals three signals one signal 
b. PCNMR three signals four signals two signals 


a. The signal at 210 ppm is for the carbonyl carbon of a ketone. There are 10 other carbons in the com- 
pound but only 5 other signals. This suggests that the compound is a symmetrical ketone with identical 
five-carbon alkyl groups. 


O= 


~ 


СНзСН›СН›СН›СН›“ | `СН›СН›СН›СН›СН» 


b. Because there are only four signals for the six carbons of the benzene ring (the signals between 110 
and 117 ppm), the compound must be a 1,4-disubstituted benzene with two different substituents. 


с. The signal at 212 ppm is for the carbonyl carbon of a ketone. There are five other carbons in the com- 
pound but only three other signals. This suggests that the compound is a symmetrical cyclic ketone. 


(mo 


d. The molecular formula indicates that the compound has one double bond or one ring. The presence of a 
signal at 130 ppm indicates the presence of sp* carbons; thus, the compound must have a double bond. 
Each of the two 5р? carbons must be bonded to the same groups because the six carbons exhibit only three 
signals. Whether the compound is cis-3-hexene or trans-3-hexene cannot be determined from the spectrum. 


CH4CH;CH = CHCH,CH3 


If the triangles shown below are drawn on the spectrum, you will be able to identify the coupled protons. 


О 
b d| са 
снсносњсн, 
СН 
b A 


Point A shows that the a protons are split by the с protons. 
Point B shows that the b protons are split by the d protons. 


Cross peak X tells you that the hydrogens that produce the signal at ~ 1.0 ppm in the 'H NMR spectrum are 
bonded to the carbon that produces the signal at ~ 19 ppm in the ^C NMR spectrum. 


Copyright © 2017 Pearson Education, Inc. 


470 Chapter 14 


47. а. 1. 5 4. 2 b 1. 7 4. 2 
2. 5 5. 3 2. 7 5. 2 
3. 4 6. 3 S. 6. 4 


48. The H, proton will be split into a quartet by the H, protons and into a doublet by the H, protons. 


a. b. 
Joa Sha 
Soc Soe 
five peaks (a quintet) eight peaks (a doublet of quartets) 
5 
|| о 11 m 
a b b e d c a b 
49. a. Бега с. снн CH;CH;CH; e. а 
CH; CH; CH; Ns 
a b a 
tmt 5 t | t | t m quintet 
| |] | BEN | | | 
а ђа с а b с pu d c а b c 
b. CH4CH;CH;OCH; d. CH;,CH;CH; CH,Cl f. CICH;CH;CH;CH;CH4CI 


50. By dividing the value of the integration steps by the smallest one, the ratios of the hydrogens are found to 
be 3:2:1:9. 
40.5 27 13 118 
= = — = — = 1 — = 9.1] 
13 13 13 13 У 
Because the ratios are given in the highest frequency to lowest frequency direction, а possible compound is 
the following ester: 


2.1 


О 


СН» | 


O= 


| 
eae “осн, 
CH; CH; 
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е. 


„ч О апа 


four signals 


Bra МХ Br and 
two signals 
CH; CH; 

CH3CH — CHCH; and 


two signals 


CH, O 
СН»С T> COCH; and 
CH; 


two signals with 
integration 3:1 


сњо (сњо, and 


The singlet will be at a higher 
frequency than the quartet. 


O = O 


two signals three signals 


СНзСНС апа CH3CDCI 
Сн, сњ 
two signals one signal 
а „~ 
Н CH3 
D H 
Cl 


The lowest frequency signal will be a doublet. 


H H 


са 
three signals 


Chapter 14 


LR 
two signals 
Br~ ~~ “МО, 
three signals 
ie 
Е 
СН» 


three signals 
OCH; 


CH;CCH; 
OCH; 


two signals with 
integration 1:1 


сњ- Y OCH;CH; 


The quartet will be at a higher 
frequency than the singlet. 


and 


а 


The lowest frequency signal will be a singlet. 


and 


Cl H 
two signals 


Copyright © 2017 Pearson Education, Inc. 


471 


472 


52. 


53. 


54. 


55. 


56. 


Chapter 14 
И " 


the signals for the benzene ring protons the signals for the benzene ring protons 
plus two signals with integration 3:1 plus two signals with integration 4.5:1 


Chemical shift in ppm is independent of the operating frequency. 

Chemical shift in hertz is proportional to the operating frequency. 

The coupling constant in hertz is independent of the operating frequency. 

The frequency required for NMR spectroscopy is lower than that required for IR spectroscopy, which 
is lower than that required for UV/Vis spectroscopy. 


The spectrum must be that of 2-bromopropane, because the NMR spectrum has two signals—the 
lowest frequency signal is a doublet, and the other signal is given by a single hydrogen. 


CH; 
| 
CH3CHBr 


The spectrum must be that of 1-nitropropane, because the NMR spectrum has three signals—both the 
lowest frequency and highest frequency signals are triplets. 
CH;CH;CH5NO,; 


The spectrum must be that of ethyl methyl ketone, because the NMR spectrum has three signals—a 
triplet, a singlet, and a quartet. 


О 
I 
A ~ 
CHCH `СН» 
CH3CH;CHBr b. CH3CH;CH;CH3Br c. Ја 
CH; CH; 

О 
СН» Вг || 
С 


| | 

CH;CCH,Br b. CHCH; c. CH,CHí OCH;CH, 
| 
Вг 


The singlet at 210 ppm indicates the сагбопу! group of а ketone. The splitting of the other two 
signals indicates an isopropyl group. The molecular formula indicates that the compound must have two 


isopropyl groups. 


О 
| 
„С N 
GH (НЫ 
СН» CH; 
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58. 


59. 


60. 
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[i 
са CH3CHCH;CH; 
а Cl 
tert-butyl chloride sec-butyl chloride 
Compound A Compound B 
CH 
НС „СНз | 3 
СЊСЊЕСН = CH; у“ = е9 CHC = СН» 
H H 
l-butene cis-2-butene 2-methylpropene 


It would be better to use C NMR because you would have to look only at the number of signals in 
each spectrum: [-butene will show four signals, cis-2-butene will show two signals, and 2-methylpropene 
will show three signals. (In the 'H NMR spectrum, 1-butene will show five signals, and cis-2-butene and 
2-methylpropene will both show two signals.) 


О О О О 
| | | || 
СУ „С ^C. “СУ 

CH3CH; OCH; CH3 OCH2CH3 H OCH;CH;CH; H Ri RE 

A B с p С 

three signals three signals four signals three signals 
singlet, quartet, triplet singlet, quartet, triplet singlet, triplet singlet, septet 
(singlet farthest downfield) (quartet farthest downfield) multiplet, triplet doublet 


C can be distinguished from A, B, and D because C has four signals and the others have three signals. 


D can be distinguished from A and B because the three signals of D are a singlet, a septet, and a doublet, 
whereas the three signals of A and B are a singlet, a quartet, and a triplet. 


A and B can be distinguished because the highest frequency signal in A is a singlet, whereas the highest 
frequency signal in B is a quartet. 


It is the 'Н NMR spectrum of 2,3-dimethylbutane. 
CH 


| 
сено 
СН» 


It is ће 'H NMR spectrum of tert-butyl methyl ether. 


үн; Th 
CH3Br + я А 
СН» СН» 


tert-butyl methyl ether 
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62. 


63. 


65. 


66. 


Chapter 14 
O O O 
|| CH; | | 
“Сх. ~ pa 
а. СН; CH 2CCH3 b. CH3CH CH2CH2CH3 с. МО Та 
CH; CH; CH; CH3 
O 
| 
РА С — 
а. CH;CH;CH;CH;OCH; c. E OCH; 
Cl 
O O 
СН; || || 
Pat С N рде М 
р. TORT ОСН; d. CH3CH;CH; OH 
CH3 


pw 26 36 
OH 
а. 19730 2d b. IE 


The numbers indicate the ppm value of the signal given by that carbon. 


The broad signal at ~2.9 ppm is for the H, proton that is bonded to the oxygen. The signal for the Н, pro- 
tons at ~4.2 ppm is split into a doublet by the Н, proton. The Н, proton and the Hy proton are each split by 
the H, proton; the coupling constant is greater for the trans protons. Thus, the Н, proton is at ~ 5.1 ppm and 
the На proton is at ~5.3 ppm. The H, proton at ~6.0 ppm is split by the Н, protons and by the H, proton 
and the На proton. 


c e 
H H 

`c —C 

/ N 
H CHOH 
d b a 


Each compound will have two doublets in the 6.5-8.1 ppm region. In addition, in that region, A will have 
two doublet of doublets, B will have one doublet of doublets and a singlet, and C will have no other signals. 


OCH; OCH; OCH; 
МО; 
МО» 
В С 
А NO} 
In the 6.5-8.1 ppm region: four signals four signals two signals 
two doublets and one singlet, two doublets 
two doublets of doublets two doublets, and 


one doublet of doublets 
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67. The signals at ~ 7.2 ppm indicate that the compounds whose spectra are shown in parts a and b contain a 
benzene ring. From the molecular formula, you know that each compound has five additional carbons. 


a. The integration of the benzene ring protons indicate that the ring is monosubstituted. The hydrogens 
bonded to the five additional carbons in part a must all be accounted for by two singlets with integral 
ratios of ~2:9, indicating that the compound is 2,2-dimethyl-1-phenylpropane. 


СН» 


| 


СНз 
2,2-dimethyl-1-phenylpropane 


b. The integration of the benzene ring protons indicate that the ring is 1,4-disubstituted. The two singlets 
in the spectrum in part b have integral ratios of ~1:3, indicating a methyl substituent and a tert-butyl 
substituent. Therefore, the compound is 1-fert-butyl-4-methylbenzene. 


D 
= = ссн; 
СН» 
| -tert-butyl-4-methylbenzene 


68. 


five signals 


69. Oxygen is more electronegative than chlorine. (See Table 1.3 on page 10 of the text.) 


a. b a c 
è а b CICH;CH;OH 


triplet doublet triplet 
of 
triplets 


-— — frequency 


b. c a b 


singlet triplet triplet 


~<———_ frequency 
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70. 


71. 


72. 
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а b 
b à С1СН»СН»ОН 


Л 


<—— frequency 


b a 


МА 


-€— — frequency 


СН» carbons 


CH» carbons | | 


CH carbons 


all carbons | | 


If addition of HBr to propene follows the rule that says that the electrophile adds to the sp? carbon that is 
bonded to the most hydrogens, the product of the reaction will give an NMR spectrum with two signals 
(a doublet and a septet). If addition of HBr does not follow the rule, the product will give an NMR spec- 
trum with three signals (two triplets and a multiplet). 


Br 
CH3;CH+=CH, + НВг —— CH3CHCH5 CH3CH;CHoBr 
follows the rule does not follow the rule 
two signals three signals 
O О 


UY "ox 9x te 


Bromomethane gives a signal at 2.7 ppm for its three methyl protons, and 2-bromo-2-methylpropane gives 
a signal at 1.8 ppm for its nine methyl protons. If equal amounts of each were present in a solution, the 
ratio of the hydrogens (and, therefore, the ratio of the relative integrals) would be 3:1. Because the relative 
integrals are 1:6, there must be an 18-fold greater concentration of bromomethane in the mixture. 


3:х = 1:6 
х = 18 
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73. Using the formula given on page 621 of the text: 


h 
ЛЕ = ћу = ТВ, 
2T 


Given: Planck's constant = h = 6.626 х 107° Js 


1 cal = 4.184] 
300 MHz = 7.046 T (page 622 of the text) 
y for 'H = 2.675 x 10% T^ !s! 
hy 
AE = — 
2m ° 
6.626 х 1074 Js x 2.675 x 105 T^!s^! 1 cal 
о е г MX. d x 
2(3.1416) кыма ETT 


= 9.50 x 10-26 cal 


74. АП four spectra show a singlet at ~2.0 ppm, suggesting that they are all esters with a methyl group attached 
to the carbonyl group. Now the problem becomes determining the nature of the group attached to the oxygen. 


О 
| 
ZN 
CH; '0—R 

a. The highest frequency signal in the first spectrum is a triplet that integrates to 2 protons, indicating 
that a CH, group is attached to the oxygen and is bonded to another CH, group. The lowest frequency 
signal is a triplet that integrates to 3 protons, indicating а methyl group that is attached to а СН» group. 
The presence of two multiplets that each integrate to 2 protons confirms the structure. 

О 
I 
Z/N | 
СН» o— СН»СН»СН»СН» 

b. The highest frequency signal in the second spectrum is a multiplet that integrates to 1 proton, indicat- 
ing that the carbon attached to the oxygen is attached to one proton and two nonequivalent carbons 
bonded to hydrogens. The lowest frequency signal is a triplet that integrates to 3 protons, indicating a 
methyl group attached to a СН, group. The doublet at ~ 1.2 ppm that integrates to 3 protons is due to a 
methyl group attached to a carbon bonded to one hydrogen. 


О 
Ц 
YR 
СН» Ай со 
CH; 


с. The highest frequency signal is a doublet that integrates to 2 protons, indicating that the methylene 
group that is attached to the oxygen is attached to a carbon bonded to one hydrogen. The lowest fre- 
quency signal that integrates to 6 protons indicates two equivalent methyl groups that are attached to a 
carbon bonded to one hydrogen. 


AN 
CH; `O—CH,CHCH; 
CH; 
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d. The group attached to the oxygen in the fourth spectrum has only one kind of hydrogen. The carbon 
attached to the oxygen is not bonded to any hydrogens, because there is no signal at ~ 4.0. 


75. сњ СН; 
Н 
синее —— са. 


ОН Вг 
compound А compound В 


76. The DEPT "C NMR spectrum indicates that the compound has six carbons. The molecular formula shows 
that the compound has six carbons and an oxygen. The signal at 220 ppm suggests a ketone. The following 
ketones have the single CH; group, the single CH group, and the three СН» groups indicated by the DEPT 
spectrum. The highest frequency signals are а СН, group and a CH group, indicating that these are the 
groups attached to the carbonyl carbon. Thus, the compound on the right is responsible for the spectrum. 


O О О 


Se щы о - о 


77. a. The IR spectrum indicates that the compound is а ketone. The molecular formula shows that there are 
12 hydrogens in the compound. Therefore, the signals in the NMR spectrum are due to 2, 4, and 6 protons. 
The doublet in the NMR spectrum at ~0.9 ppm that integrates to 6 protons suggests an isopropyl group. 
There is a singlet at ~2.1 ppm on top of a multiplet, which is due to the methine proton of an isopropyl 
group plus a three-hydrogen singlet for a methyl group adjacent to the carbonyl carbon. The doublet at 
~ 2.2 ppm that integrates to 2 protons suggests a СН, group adjacent to the carbonyl group that couples to 
an adjacent methine proton. Knowing that the compound contains six carbons helps in the identification. 


О 


AK 


b. The IR spectrum indicates that this oxygen-containing compound is not a carbonyl compound or an 
alcohol; the absorption band at ~ 1000 ст! suggests that it is an ether. The doublet at ~ 1.1 ppm in 
the 'H NMR spectrum that integrates to 6 protons and the septet that integrates to 1 proton indicate an 
isopropyl group. Because there are no other signals in the NMR spectrum, the compound must be a 
symmetrical ether. The compound is diisopropyl ether. 


AA 
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The IR absorption band at ~ 3400 ст”! indicates that the compound is an alcohol. The two doublets 
in the ЇН NMR spectrum at 7.3 and 8.1 ppm that integrate to 4 protons indicate a 1,4-disubstituted 
benzene ring with a strongly electron-withdrawing substituent. The two triplets that each integrate to 
2 protons and the two multiplets that each integrate to 2 protons indicate that the four-carbon substituent 
is not branched. The broad signal at 2.1 ppm is due to the OH proton. 


Оу 
O,N 


. The IR absorption bands at ~ 1700 and 2700 cm! indicate that the compound is an aldehyde. The two 


doublets at ~7.0 and 7.8 ppm in the ЇН NMR spectrum indicate a 1,4-disubstituted benzene ring. That 
none of the remaining NMR signals is a doublet suggests that the aldehyde group is attached directly to 
the benzene ring. The two triplets and two multiplets indicate an unbranched substituent. The triplet at 
~4.0 ppm indicates that the group giving this signal is next to an electron-withdrawing group. 


O 
H 
Ag 
7 2. 3 3. 4 4. 5. 4 4 
L5 2 3. 3 4. 3 5. 3 6. 3 


. The IR absorption band at ~ 1730 ст! and the absence of an aldehyde C—H stretch suggest that the 


compound is a ketone. The signals in ће ЇН NMR spectrum are consistent with a CH;CH,CH,(C=O) 
group. That there are no other signals in the 'H NMR spectrum suggests that it is a symmetrical ketone. 
The mass spectrum shows a molecular ion with m/z = 114; this is consistent with the ketone shown 
below. Also, the large fragments at m/z = 71 (M — propyl) and at m/z = 43 (a propyl cation) are 
consistent with the expected a-cleavage fragmentation. The fact that there are only three signals in the 
NMR spectrum suggests that it is a symmetrical ketone. The splitting pattern confirms the structure. 


O 


Ро 


. The M+2 peak at m/z = 156 in the mass spectrum indicates that the compound contains chlorine; 


the IR spectrum indicates that it is a ketone; the NMR spectrum indicates that it has a monosubstituted 
benzene ring. The singlet at ~4.7 ppm indicates that the CH, group giving this signal is in a strongly 
electron-withdrawing environment. The major fragment ions at m/z = 105(M — СН,СІ) and at 
m/z = 77 (СН) are consistent with the structure shown below. 
O 
Cl 
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Chapter 14 Practice Test 


1. How many signals would you expect to see in the 'H NMR spectrum of each of the following compounds? 
|| | 
CH3CH;?CHCH;CH 
AUN и У 
СН»СН»СН» СН» С! сн„=сн Н 
Cl 
P 
€ 3-vo CH;CHCH;CHCH; 
Cl 
2. Indicate the multiplicity of each of the indicated sets of protons. (That is, indicate whether it is a singlet, 


doublet, triplet, quartet, quintet, multiplet, or doublet of doublets.) 


О О 
|| || 


С С 
PN — - Z^ 
CHCH; CH; | №2 _ сњен; ini: 


H H 
N / 
с=с, СНАСНСЊС] CICH;CH;CH;OCH; 
H а СН» 
CH3OCH;CH;CH;0CH;5 ВгСН›СН,Вг 
3. How can you distinguish ће following compounds using ІН NMR spectroscopy? 
O O O 
|| || || 
С С С 


IN КАР Жм 
CH;  OCH;CH, CHCH} OCH; Н ‘OCH)CH)CH; 


4. Indicate whether each of the following statements is true or false: 
a. The signals on the right of an NMR spectrum are deshielded compared to the 
signals on the left. T F 
b. Dimethyl ketone has the same number of signals in its ЇН NMR spectrum as 
in its ЗС NMR spectrum. T F 
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c. Іп ће ІН NMR spectrum of the compound shown below, the lowest frequency signal 
(the one farthest upfield) is a singlet and the highest frequency signal (the one farthest 


downfield) is a doublet. T 


об AM CH; 


d. The greater the frequency of the signal, the greater its chemical shift in ppm. T 


5. For each compound: 


a. Indicate the number of signals you would expect to see in its 'H NMR spectrum. 
b. Indicate the hydrogen or set of hydrogens that will give the highest frequency signal. 
c. Indicate the multiplicity of that signal. 


|| 
1. CH43CH;5CH;CI 2. CH43CH;COCH3 3. CHSCHCHS 
Br 


6. For each compound in Problem 5: 


a. Indicate the number of signals you would expect to see in its C NMR spectrum. 
b. Indicate the carbon that would give the highest frequency signal. 
с. Indicate the multiplicity of that signal in a proton-coupled '3С NMR spectrum. 
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Reactions of Carboxylic Acids and Carboxylic Acid Derivatives 


Important Terms 


acid anhydride 


acyl adenylate 


acyl group 


acyl halide 


acyl phosphate 
acyl transfer reaction 


alcoholysis 


amide 


amino acid 
aminolysis 
biosynthesis 
carbonyl carbon 
carbonyl compound 
` carbonyl group 


carbonyl oxygen 


carboxyl group 


carboxylic acid 


О 
I 
R^ N 
О 
I | 
ог 
В” Cl R “вг 


a carboxylic acid derivative with а phosphate leaving group. 
a reaction that transfers an acyl substituent from one group to another. 


a reaction with an alcohol that converts one compound into two compounds. 


an а-апипо carboxylic acid. 

a reaction with an amine that converts one compound into two compounds. 
synthesis that occurs in a biological system. 

the carbon of a C=O group. 

a compound that contains а C=O group. 

a carbon doubly bonded to an oxygen (C=O). 


the oxygen of a C=O group. 


or — COOH or —СО›Н 
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carboxylic acid derivative 
carboxyl oxygen 


catalyst 


ester 


Fischer esterification 
reaction 


Gabriel synthesis 


hydrolysis 

imide 

lactam 

lactone 

mixed anhydride 


nitrile 


nucleophilic acyl 
substitution reaction 


nucleophilic addition- 


elimination reaction 


symmetrical anhydride 


tetrahedral intermediate 


thioester 


transesterification reaction 


Chapter 15 483 
a compound that is hydrolyzed to a carboxylic acid. 
the single-bonded oxygen of a carboxylic acid or ester. 


a species that increases the rate of a reaction without being consumed or 
changed in the reaction. 


a reaction of a carboxylic acid with excess alcohol and an acid catalyst. 


а method used to convert an alkyl halide into a primary amine, involving 942 
attack of phthalimide ion on an alkyl halide followed by hydrolysis. 


a reaction with water that converts one compound into two compounds. 
a compound with two acyl groups bonded to a nitrogen. 
a cyclic amide. 
a cyclic ester. 
an acid anhydride with two different R groups. 
a compound that contains a carbon-nitrogen triple bond. 
R—C=N 
a reaction in which a group bonded to an acyl group is substituted by another group. 
another name for a nucleophilic acyl substitution reaction, which emphasizes the 
two-step nature of the reaction: a nucleophile adds to the carbonyl carbon in the 
first step, and a group is eliminated in the second step. 
an acid anhydride with identical R groups. 


the intermediate formed in an adddition-elimination (or a nucleophilic acy] 
substitution) reaction. 


the sulfur analog of an ester. 


the reaction of an ester with an alcohol to form a different ester. 
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Solutions to Problems 


1. a. benzyl acetate b. isopentyl acetate c. methyl butyrate 
2. a. potassium butanoate f. propanamide 
potassium butyrate propionamide 
b. isobutyl butanoate g. y-butyrolactam or 
2-methylpropyl butanoate 2-azacyclopentanone 
isobutyl butyrate 
c. N,N-dimethylhexanamide h. cyclopentanecarboxylic acid 
N,N-dimethylcaproamide 
d. pentanoyl chloride i. -methyl-ó-valerolactone or 
valeryl chloride 5-methyl-2-oxacyclohexanone 
e. 5-methylhexanoic acid 
5-methylcaproic acid 
О О О 
i | | 
и 
3. а. CH;~ = а. CH "wes Y g. ИЕН "OCH;CH; 
а 
О О О 
|| | 
Н par MEN 
b. N шонен, он ih. а! 
CH;CH; CH; 
О О О 
| || 
с. H^ ома f. CHsCHCH ^ NH i. ми он 
Вг а 
4. The carbon-oxygen single bond in an alcohol is longer because, as a result of electron delocalization, the 


carbon-oxygen single bond in a carboxylic acid has some double-bond character. 


RCH,— OH 


longer 
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5. a. The bond between oxygen and the methyl group is the longest, because it is a pure single bond, whereas 
the other two carbon-oxygen bonds have some double-bond character. 


Q^ T 
C PERENNI Cy 
сну“ fo е» сн *б—сн» 
2 
3 
more stable less stable 


3= longest 1 = shortest 


The bond between carbon and the carbonyl oxygen is the shortest, because it has the most double-bond 
character. 


b. Notice that the longer the bond, the lower its IR stretching frequency. 


| » 1 = highest frequency 
^C. 3 = lowest frequency 
СНз | oo 
23 
6. В is а correct statement. The delocalization energy (resonance energy) is greater for the amide than for the 


ester because the second resonance contributor of the amide has a greater predicted stability and so contributes 


more to the overall structure of the amide. (Recall that nitrogen is less electronegative than oxygen, so it is 
more stable with a positive charge.) 


7. a. Because НСІ is a stronger acid than H,O, Cl” is a weaker base than НО“. 
Therefore, Cl” will be eliminated from the tetrahedral intermediate, so the product of the reaction will be 
acetic acid. Because the solution is basic, acetic acid will be in its basic form as a result of losing a proton. 


О од O О 

| HO сњ—с—а1 | Ho l оно 
CH; ^C I" CH; “он CH; ^ ^O 
acetyl chloride acetic acid + СТ 


b. Because ЊО is a stronger acid than NH3, НО“ is a weaker base than “NH3. 


Therefore, HO will be eliminated from the tetrahedral intermediate, so the reactant will reform. In 
other words, no reaction will take place. 


О 0 
|| 
С + НО == СНз = C— NH; 
CH; NH, | 
OH 
acetamide 
8. a. anew carboxylic acid derivative 


b. по reaction 


с. amixture of two carboxylic acid derivatives 
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9. 


10. 


11. 


Chapter 15 


а. 


а. 


Acetyl chloride has the stretching vibration for its carbonyl group at the highest frequency because it 
has the most C=O double-bond character, since it has the smallest contribution from the resonance 
contributor with a positive charge on Y. 


co o 
l А — | 
M С 
CH у сну“ “ұ 


Acetamide has the stretching vibration for its carbonyl group at ће lowest frequency because it has the 
least C=O double-bond character, since it has the largest contribution from the resonance contributor 
with a positive charge on У. 


| 
©. + NaCl no reaction, because СТ is weaker base than CH30^ 
CH3 ОСНз 
| 
О 
|| || - Zu 
P * NaOH P * NaCl CH; О + H,O 
СН» а CH3 OH 
O 
Д. + NaCl = по геасііоп, because СТ is a weaker base than МН» 
CH3 МН» 
О 
Д. + NaOH ——- по геасбіоп, because НОГ is a weaker base than NH; 
СН» МН, 


It is a true statement. 


If the nucleophile is the stronger base, it will be harder to eliminate the nucleophile from the tetrahedral 
intermediate (B) than the group attached to the acyl group in the reactant. In other words, the hill that has 
to be climbed from the intermediate back to the reactants (B to A) is higher than the hill that has to be 
climbed from the intermediate to the products (B to C). We know that the first step is the rate-limiting step 
because it has the transition state with the greatest energy. 


Free energy 


— 
Progress of the reaction 
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13. 


14. 


15. 


16. 
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а ЊО СЊСЊСЊОН е. wo ) 
b. NH; (CH3)2NH f. wo о 
a С + H3€: CH3— C—CI CH;—C—Cl + HB* 
pu NS d У 
СН» Cl +l 
OH OH 
B: H 
Se 
:0 
| + Cr 
AFN 
CH3 OH 
:0 О: :О- 
коњ 4 
. C—CI СС 
“а | | С“ 
PMs :NHCH, 
CH4NH, Н 
CH;NH, 
:0 
| 
CY Янсен, + CF 
Solved in the text. 
a. ethanol b. ammonia c. phenol d. benzylalcohol 


487 


А protonated amine has a pK, ~ 11. Therefore, the neutral amine will be protonated by the acid that 15 
produced in the reaction, and a protonated amine is not a nucleophile. Excess amine is used to have some 
unprotonated amine available to react as a nucleophile. 


А protonated alcohol has a pK, ~ —2. Therefore, the alcohol will not be protonated by the acid that is 


produced in the reaction. 
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О :0: 
17 ју О CH3CH c OCH 
• а. + H20: — 3 УЗ и 3 
ОН 
C | 
В/Н CHO (path a) and HO” (path b) 
| have the same leaving propensity. 
бу so either one сап be eliminated. 
i 
CH3CH2—~ Cy OCH; + HB* 
b Chu a 
О уд b о 
17 М 
CH;CH;~ “ОН + CH3;07 CH,CH;~ ОСН; + НО- 
О 
| 
С 


CH,CH;^ ^O + CH40H 


О : :Ө: 
b ч + CHNH, == Н С о– )— IP, нв“ 
. x 3NH, === H—C— === Н—С- + 
по E 
C 
H^ ^NHCH, + o } 


19. a. phenyl acetate because phenoxide is a weaker base than methoxide 
b. phenyl acetate because phenoxide is a weaker base than the conjugate base of benzyl alcohol 


18. Solved in the text. 


20. a. 1. The carbonyl group of an ester is a weak electrophile. 
2. Water is a weak nucleophile. 
3. СОСН» is a strong base and, therefore, a poor leaving group. 
b. Aminolysis is faster because an amine is a better nucleophile than water. 


21. а. Any species with an acidic proton can ђе represented by НВ*. 


О + Н 1 9н 
+ | + 
H30* CH30H; C C СНзС m OCH; CH3C mm ОСНз 
CH; “он CH; “он | | H 
+OH OH 
H 
b. Any species with a lone pair can be represented by :B. 
|| ЈЕ 
H20 CH30H С CH3C m OCH; 
CH; “он | 


OH 
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23. 


24. 
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с. H4O* 


T 
d. HjO" if excess water is used; CH,OH, if excess water is not used. 


The mechanism for the acid-catalyzed reaction of acetic acid and methanol is the exact reverse of the 
mechanism for the acid-catalyzed hydrolysis of methyl acetate. 


+ и 
: О OH OH н С 
| ъъ Cj , | (CU 
„Су т pou + СНзОН CH,—C—OH === CH,—C—ÓOH 
CH OH CH OH 
3 3 “он 7 Сосн ОСН}. 
В: Н 
NO 
+ N 
HB „уН B .. 
О COH 
| = | H,O == CH l OH 
сну” осн; CH;~ “осн Г 
OCH; 
О О 
|| | 
с „С 
а. ОН + CH3CH;0H с. HOCH;CH;CH;CH; OH 
The mechanism for the hydrolysis of a cyclic ester 
О is the same as that for an acyclic ester. 
I 
CH3;CH,CH,~ "OH + CH30H 
HO OH 
Gir" cH 7) 
uM, EXE н?) 
НО ОН НО H tB 
HO. „Өн 
+ 
o НОВ 
О 6 н 
в 
9 + НВ* 9 + H,O = 


Copyright © 2017 Pearson Education, Inc. 


490 Chapter 15 


25. These аге transesterification reactions. 
O 
|| на || 


а. С + CH,CHCH С + CH,CH,OH 
`“ОСН,СН» үз SOCHCH, 372 
OH | 
CH, 
О 
b С CH,CH,OH == l oH 
. T 3 2 + 
сн L \ CH, ~OCH,CH, 


H 
& 57 ОН | (нв 


.. | M 
+ CH30H == CH—C— OCH,CH; === CH;—C— OCH;CH; 


C C 
AN a | | 
CH HCH CH ОСН»СН 


: H 
B и 
. N 
HB + Су H :В ee 
О О СОН 
| == | CH:CH-OH === СЊ— С -OCH CH 
— + 1 C H2 —— 3 VL 2213 
сну” “осн, CH; “осн; | ^+ 


OCH; 


27. The mechanism is the same as the one on page 705 of the text except that the nucleophile is methanol 
rather than water. 


C С—СН C. ^ ССН + +C—CH 
КУЗ CH; “ol? R № г 
СН; СН; СН; 
он 
HB C в’ N СН 
Н; 3 
| eS | 
CH, CH, 


28. a. The conjugate base (CH;CH,CH,O ) of the reactant alcohol (CH;CH,CH,OH) can be used to increase 
the rate of the reaction because it is the nucleophile that we want to become attached to the carbonyl carbon. 


b. If H* is used as a catalyst, the amine will be protonated in the acidic solution and, therefore, will not 
be able to react as a nucleophile. 


If НО“ is used as a catalyst, НО“ will be the best nucleophile in the solution. Therefore, it will add to 
the ester, and the product of the reaction will be a carboxylate ion rather than an amide. 


If КО“ is used as a catalyst, КО“ will be the nucleophile, and the product of the reaction will be an 
ester rather than an amide. 
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30. 


31. 


32. 


33. 
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a. Тһе alcohol (CH;CH,OH) contained the !#О label. 
b. The carboxylic acid would have contained the !*O label. 


Solved in the text. 


О О 
Ц CH3Br | 
CH,CH,CH,~ ^O CH,CH,CH,~ “ОСН; 
or 
О О 
| CHOH | 
С ехсе$$ С 
CH;CH,CH; “OH “на ”  CH,CH,CH, 7 “ОСН, 
| | 
b. A НИК gee 
CH; О CH; O(CH; CH; 
or 
О О 
|| CH;(CH,),0H | 
СК excess EN. 
СН» ОН НС! СН; O(CH5X CH; 


In the first step, protonation occurs on the carbon that results in formation of the most stable carbocation 
(a tertiary carbocation). In the second step, the pair of electrons of the second 7r bond provides the nucleophile 
that adds to the carbocation because, as a result of that reaction, a stable six-membered ring is formed. 


„Св, + 4 $ 
CH; — CHCH;CH;CH-— ССН; HOB. CH,-CHCH;CH;CH;— CCH; 
| 6 5 4 3 2 1| 3 CH; 
CH CH 
3 3 ө 2 CH; 
| 
снус--бн 
О +O+H 
HB* | | Оз 
PEN 7N 
О СН» О СН» 
СН» СНз 
О 


=O 


b. С + 2 СЊМНСН; 
CH4CH;CH; “Сі + 2СЊСЊМН, CY ^c 
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34. Only В and E will form amides. A will form an amide if it is heated to about 225 °C. 


ЗИ. л ait OH OH 


H--B* 


Е | ШЕ 
35. и " ae + СНзОН i e i R =н 
З : ОСН: OCH; НВ“ 
| „В 
H 
fH m 
| т \ Su 
D + 
С + *NH, С + NH; R—C-NH; 
ла“ p CS [v 
R OCH; R OCH; OCH; 


36. The relative reactivities of the amides depend on the basicities of their leaving groups: the weaker the base, 
the more reactive the amide. (para-Nitroanilinium ion has a pK, value of 0.98, the anilinium ion has a pK, 
value of 4.58, and the cyclohexylammonium ion has a pK, value of 11.2.) Recall that the stronger the acid, 
the weaker its conjugate base and that the weaker the base, the better it is as a leaving group. 


37. Because the acid—base reaction below favors the products. Recall that the equilibrium favors reaction of 
the strong acid (H5O) and formation of the weak acid (NH3) (Section 2.5). 


"NH, + НО —— NH, + HO 


38. a. pentyl bromide b. isohexyl bromide c. benzyl bromide d. cyclohexyl bromide 


39. The reaction of an alkyl halide with ammonia leads to primary, secondary, and tertiary amines and even 
quaternary ammonium ions. Thus, the yield of primary amine would be relatively low. 


+ + 
RBr №, рмн, № вун, 5% вун, NH R,NH + *NH, 


+Вг + "МН. + Br. 
[Rex 


+ + 
R4N -RBE RN ә. R,NH+ Br 
+ Bro + *NH, 


In contrast, the Gabriel synthesis forms only primary amines. The reaction of an alkyl halide with azide ion 
also forms only primary amines because the compound formed from the initial reaction of the two reagents 
is not nucleophilic, so polyalkylation does not occur. 
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42. 
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44. 


45. 
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а. butanenitrile b. 4-methylpentanenitrile 
butyronitrile y-methylvaleronitrile 
propyl cyanide isopentyl cyanide 


Notice that the alkyl halide has one less carbon than the target carboxylic acid, because the alkyl halide 
will obtain a carbon from the cyanide ion. 


a. CHCH CHBr b. сыно с. (уз 


СН» 
Solved in the text. 


a. О О :0:- О :0:- О 

Я i НО: =— СН | О | == CH ГО, : 

MN Меза = и ii “сн, МЭ “ен 
CH; №0 4 | OH OH + HBt 
| 


B: H | 
NY 


b. The mechanisms are exactly the same. 


о о :Оғ О :О= О 
S | СЊОН === CH | О | === CH ја О | 
Р Tm Apa MUS Hc 
EN VEN t 25 3 | “сн, 3 | «wr ^ CH, 
СНз О СН» ere OCH, + НВ* 
в: P | 
О О 
|| || 
С С 


Z/N ET din 
СН» OCH; + О СН; 


С + С == ВСС — „С „С + Cr 
“М. = 
R ca cu ^ó t. О BS 
А 
с=0 
/ 
CH; 


When an acid anhydride reacts with an amine, the tetrahedral intermediate does not have to lose a proton before 
it eliminates the carboxylate ion, because the carboxylate ion is a weaker base (pK, of its conjugate acid is ~ 5) 
than the amine (pK, of its conjugate acid is ~10). Therefore, the carboxylate ion is the better leaving group. 


О О :О:5 О 
ч | + CHNH, === » | 
УК УК 3NH2 CH3C [e 


CH; NO CH, CH; 


*NH;CH; 
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46. a. Atneutral pH, both carboxyl groups of succinic acid are in their basic form. 


О О 
| | d | 
“0” °`°сн,сн ~б CH,7, до “CH 
_ о 
О m 
о | NE 
о“ p Ug ен cH,—¢ Q^ C cH, 
о | ji" 
ос aN. =<< 
CH,CH, „0: CH,CH, O0. 
C C 
| | 
О О 
сна 
y. | СН О 
co О О с 
~ 5 |_ 
О —— о + О 
О О 


b. Without acetic anhydride, the leaving group would be hydroxide ion. Acetic anhydride causes the reaction 
to take place via two successive nucleophilic acyl substitution reactions. In both reactions, the leaving group 
is acetate ion, which is much less basic than hydroxide ion and therefore a better leaving group. 


| | Cre | 
SOCI, 
су — сы С 


47. а. 


О О 
|| $ОСЬ | 2 CH,CH;NH, Ц 
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| i | 
48. а. СН3СН,СН,СН,СНУ “мсн, e. CH,CH,~ МН, h. “о 
CH; 
CH;CH; 
О О 
qH | l 
C _ 
b. CH3CH,CH,CCH;~ “мн, f СН о ма і. ү 
CH, 
О 
Т O O О 
oe g l l j 
с 
Cl CY No 2 Та ОН 
О 


а 


acetic benzoic anhydride 


Ф 


49. a. pentanoyl chloride 


valeryl chloride benzoic ethanoic anhydride 

b. N,N-dimethylbutanamide f. propanoic anhydride 
N,N-dimethylbutyramide propionic anhydride 

с. (S)-3-methylpentanoic acid g. 5-ethylheptanoic acid 
(S)-B-methylvaleric acid 

d. propyl propanoate h. (R)-3-methylhexanenitrile 


propyl propionate 
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50. 


51. 
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О О О 
i | 
а. ° 
уез "О-о 
О О 
| | 
С С 


7 
O, 
= 
О 
/ 
© 
\ 
О 
/ 
T 


A carboxylic acid is 
in its basic form in 
a basic solution. 


Q 
| 
f. 
Су + 
О О 
| CH,0H с. d CH,CH,NH, СГ 
+ + 
CH,CH;/ "OH : CY Nou с 
О Q Q 
| | || 
С С 
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а. The weaker the base attached to the acyl group, the stronger its electron-withdrawing ability; therefore, 
the easier it is to form the tetrahedral intermediate. para-Chlorophenol is a stronger acid than phenol, 
so the conjugate base of para-chlorophenol is a weaker base than the S base of phenol. 


| 
e. 
A 


b. The tetrahedral intermediate collapses by eliminating the OR group. The weaker the OR group is as a 
base, the easier it is to eliminate. 


Thus, the rate of both formation of the tetrahedral intermediate and collapse of the tetrahedral interme- 
diate is decreased by increasing the basicity of the OR group. 


Because acetate ion is a weak base, the Sy2 reaction forms only a substitution product. (See page 430 of the 
text.) The product of the 5,2 reaction is an ester which, when hydrolyzed, forms cyclohexanol (the target 
molecule) and acetic acid. 


CY E CY Y 7s os | 
_ сњбо- _ на _ + C 
AUN 

EN CH; `OH 


a. Methyl acetate has a resonance contributor that butanone does not. This resonance contributor causes 
methyl acetate to be more polar than butanone. Because methyl acetate is more polar, it has the greater 


Qo 


dipole moment. 
O од О 
A, ш А ty compared to A 
c9 9 


b. Because it is more polar, the intermolecular forces holding methyl acetate molecules together are 
stronger, so we expect methyl acetate to have a higher boiling point. 
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Ргору! formate is easy to distinguish because it is the only ester that shows four signals. The other three 
esters each show three signals. 


Isopropyl formate can be distinguished by its unique splitting pattern: a singlet, a doublet, and a septet. 
The splitting patterns of the other two esters are the same: a singlet, a triplet, and a quartet. They can be 
distinguished because the highest frequency signal is due to the protons attached to the carbon that is next 
to the oxygen. For ethyl acetate, it is a quartet, whereas for methyl propionate, it is a singlet. 


O 
|| 
“СУ 
H OCH;CH;CH; 
4 signals 
О О О 
| | | 
H^ `оснсн, СН; ”ОСН›СН» сњсну“ “ОСН; 
СН» 
3 signals 3 signals 3 signals 
singlet, doublet, septet singlet, triplet, quartet singlet, triplet, quartet 
The highest frequency The highest frequency 
signal is a quartet. signal is a singlet. 
The carbonyl IR absorption band decreases in the order: 
О О О О 
|. А b. ] 
> > > 
Их oN И \ “oN 
сњ Cl CH; OCH; CH; H CH; МН, 


The carbonyl IR absorption band of the acyl chloride occurs at the highest frequency because there is 
essentially no electron delocalization from a lone pair on chlorine and the chlorine withdraws electrons 
inductively. The carbonyl IR absorption band of the ester is next because the predominant effect of the 
oxygen of an ester is inductive electron withdrawal. Therefore, it takes more energy to stretch the bond. 
(See page 592 of the text.) 

:0 

IN 

~ 


The carbonyl group of the amide stretches at the lowest frequency because the nitrogen is less 
electronegative than oxygen, so it is better able to accommodate a positive charge. Therefore, the resonance 


contributor on the right makes a significant contribution to the overall structure. The larger the contribution 
from the resonance contributor on the right, the greater the single bond character of the C=O group. 


О: :0: 
RE | 
C 
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О О О 
1 SOCh, 1 CHjCH,CH,OH | 
/ Z Z N 
cuf “он CHÍ “а СН;  'OCH,CH,CH 
О апа О 
| СН»СН›СН,Вг I 
WO Ne, FO AN 
CH; О CH;  'OCH;CH;CH, 
О О О 
| SOCI, | (СНЗ)2СН(СН2)>ОН | 
и N oN SN 
CH; OH CH; а CH;  O(CHj,CH(CH3) 
| апа | 
С (CH3),CH(CH2)2Br С 
PU m ЄХ 
CH; о CH;  `О(СНУ)›СН(СН;); 
О О 
| SOCL | CH;CH,OH С 
YN a NE Z N 
CH,CH,CH; `OH сњењсњ; ‘Cl CH,CH,CH; `OCH,CH3 
О апа О 
Ц CH3CH3jBr | 
"A „~ ~ 
CH,CH,CHY “о- CH;CH,CH, `ОСН,СН; 
О О | 
| SOCI, EN CH;0H Wee 
y N 
ВЕ ОН ОЕ CI ( yox OCH; 
| апа | 
CH3Br С 
"4 ES - и \ 
CH; `о CH;  'OCH, 
isopropyl alcohol and НС! c. ethylamine 
aqueous sodium hydroxide d. water and НС! 


О О О О 


Be Р ke P с. noreaction; an amide will not react with water without a catalyst 
О О 


о 
| 
С d. CH,CH, О 
» d 
HN  "NHCH; 
О 
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60. 


61. 


62. 


Chapter 15 


The offset in the NMR spectrum shows that there is a broad signal at ~ 10 ppm, which is characteristic of a 
COOH group. The two triplets and the multiplet are characteristic of a propyl group. 
CH3;—CH,— CH, — 


t m t 


Therefore, the product of the hydrolysis reaction is butanoic acid. 


O O 

| | 

С 
CH;CH,CHY “осн, CH;CH,CHY “он 
reactant hydrolysis product 


The molecular formula shows that the reactant has one more carbon than butanoic acid; the IR spectrum 
shows that it is an ester. Because butanoic acid is formed from acid hydrolysis of the ester, the reactant 
must be the methyl ester of butanoic acid. 


Aspartame has an amide group and an ester group that will be hydrolyzed in an aqueous solution of НСІ. 
Because the hydrolysis is carried out in an acidic solution, the carboxylic acid groups and the amino groups 
in the products will be in their acidic forms. 


+ + 
| Le | HCI | | С. OH HN | 
07 с“ “осн, “но НО“ еи NOH + СНОН 
| | | 


If it were ап 5,2 reaction, the ester would be the only species that would be isotopically labeled and there 
would be no unlabeled ester because the carbonyl group would not have participated in the reaction. 


О 
5 |  &- 
НО C- OR 


| 
R 
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If the reaction formed a tetrahedral intermediate, some of the ester would not be isotopically labeled 
because some of the label would have been transferred to hydroxide ion. 


18 E 
у 18 © 
4] ix | 
| “NOH + CHCHO 
- " 
СУ “осн,сн, + н ВЕЕ СУ О „Сн, 
но |њо 
5- 


18 (x 18 
| 


ОН s 
| | “<0: + CH,CH,OH 
| — OCH CH 59 : 


ОН | 


о но 


18 
ке) 


© 
a в 
ОН + СН,СН,О- 
ФЕБ —= O QH a 


| 


Y 
Cx 15 
ОСН,СН, + ОН 


unlabeled ester 


63. а. 1,3, 4, 6, 7, 9 will not form the indicated products under the given conditions. 
b. 9 will form the product shown in the presence of an acid catalyst. 


64. Notice that in order to maximize the substitution product, a poor nucelophile is used for the substitution 
reaction of the alky] halide. 


O 


| 
Вг ОССН, 
Br, Se CH,COO™ pu 
“ч. ET 


OH О 

НС! mp NaOCI pu 

H,O CH,COOH 
ОС 


65. The tertiary amine is a better nucleophile than the alcohol, 
so formation of the amide with a positively charged nitrogen will be faster than formation of the new ester 
would have been. 
The positively charged amide is more reactive than an ester, 
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66. 


b. 4.02 


с. 4.02 


Chapter 15 


so formation of the new ester by reaction of the alcohol with the charged amide will be faster than forma- 
tion of the ester by reaction of the alcohol with the starting ester would have been. 
In other words, both reactions that occur in the presence of the tertiary amine are faster than the single 


reaction that occurs in the absence of the tertiary amine. 


О О 

Ц IN | 
aN 

CH; “OCH; 


ROH 
* = C == 
Е, сн Ч у, 
Е. 
+ CH30H 


a. CH4COOH + СН;СН,ОН === СН3СО›СН›СН» + H,O 
[CH,;CO,CH,CH3] [H50] 
“4 [СНАСООН] [CH,CH,OH] 


х? 


(1-х)? 
take the square root of both sides 


4.02 = 


x 
(I— x) 

2-2х = х 

2 = Зх 

х = 0.667 

[ethyl acetate] = 0.667 times the concentration of acetic acid used 


x2 


~ 00-90-53 


x2 


x? -11x 410 
4.02 (x? 211x410) = x? 
3.02x? — 44.22х- 4.02 = 0 
solving for x using the quadratic formula: 
x = 0.974 
{ethyl acetate] = 0.974 times the concentration of acetic acid used 


х? 


0100-х) 0- x) 
х = 0.997 
[ethyl acetate] = 0.997 times the concentration of acetic acid used 


2.00 = 


4.02 = 
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1-Bromobutane undergoes ап Sy2 reaction with NH; to form butylamine (А). Butylamine сап then react 
with 1-bromobutane to form dibutylamine (B). The amines each form an amide upon reaction with acetyl 
chloride. The IR spectrum of C exhibits an NH stretch at about ~ 3300 ст“ !, whereas the IR spectrum of 
D does not exhibit this absorption band because the nitrogen in D is not bonded to a hydrogen. 


NH CH4CH;CH;CHB 
CH,CH,CH;,CHjBr — = CH,CH,CH;CH;NH, ———————— e (CH4CHjCH;CH2NH 
A B 
| | 
С + CH;CH,CH,CH,NH, ——- С 
CHÍ “а CHY "NHCH;CH;CH,CH; 
А C 
| | 
Кыч + (СН+СН»СН›СН»)»МН Pt 
сна а СН *“М(СН›СН›СН›СНу)» 
В р 
О 
О О О 
| a NH 
PEN Е О ' од 
СН; СЕ 
О 
|] Б 
но” \CH,CH,CH,NH; cr HO” ‘CH,CH,CH,OH OCH; 
| | | 
С . C + С О OCH; 
^-NHCH " aS „| 
3 CH;  CH;0H CHÓ CH; 
О О О 
i of 
но” “сн,сн/ “он О 
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69. 


70. 


71. 


72. 


73. 


Chapter 15 
О О 
ш a | 
ci” “осн; CH,CH,CH,NH^ “`мнсн›сн›сн» 
| | 
b. РЕА осн а. as zen === СО, + H,O 


see page 77 of the text 


This is the reaction of an acyl chloride or an anhydride with an alcohol. 


О О 
| | | 
С "M C 
M 
Cl HO “осн, “о “осн, 
+ 
ог 
о о О О 
Ө РР i 
CY o7 oO си OCH, CY СУ 


Q ? О о 0 
| | | | 
C 


| 
С .е — 5 —- 
^0: + Б “а ше Мз CN 


SA Е 
0” ~CH,CH;4 O^ ха + СЇ 


О== 


“осн, 


Оо=0О 


O/ ~CH,CH,~ 


О 
О 
| а сн.бн 
ап 
сњснусну“ “сн, s 
О О 
| | 
C. + сњон y: * HCI 
асњесњен “і CICH;CH;CH; ‘OCH; 
Compound A 
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74. а. The amino alcohol has two groups that can be acetylated by acetic anhydride, the NH; group and the 


OH group. 
i 
О О NH, С О 
| | | aur Мый || 
SN SN + CH4CHCH;CH;OH У РЦ 
CH; ‘O° “н, CH,CHCH,CH,O0 ‘CH, 
О 
+ 2 | 
сн{ No- 


b. Because the МН) group is a better nucleophile than the OH group, it will be the first group that is 
acetylated. Therefore, if the reaction is stopped before it is half over, the product will have only its NH, 
group acetylated. 


О 


| 
С 


сн{ “мн 
CH,;CHCH,CH,OH 


75. If the amine is tertiary, the nitrogen in the amide product cannot get rid of its positive charge by losing a 
proton. An amide with a positively charged nitrogen is very reactive toward nucleophilic acy] substitution 
because the positively charged nitrogen-containing group is an excellent leaving group. Therefore, if water 
is added, it will immediately react with the amide and, because the *NR; group is a better leaving group 
than the OH group, the ‘NR; group will be eliminated. The product will be a carboxylic acid, which will 
lose its acidic proton to the amine. 


| | | | 
C, _2М%_ С H20 C + NR С + HNR 
CH; “е сну” ^NR сну” OH CH ~ : 
НМВ: СГ 


76. The reaction of methylamine with propionyl chloride generates a proton that will protonate unreacted 
amine, thereby destroying the amine's nucleophilicity. If two equivalents of CH;NH) are used, one 
equivalent will remain unprotonated and be able to react as a nucleophile with propionyl chloride to form 
N-methylpropanamide. 


| || 
С + CHjNH, Кеч + Ht + CF 
CH;CH, Cl CH,CH; NHCH; 
CH3NH; 
+ 
CH4NH; 
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77. а. 
0:— Y N Ç OH OH OH 22 cn 
| u | + ЊО: — CH C—OH === CH,—C—ÓH === С—С OH 
25" 3 С— 4j 6:5 3— 
CH; OH CH SOH үк |+ 18 ul. V 
< oH OH OH 
+ 
со 
| 
18 
сњ“ “он 
.. 18 
H,0: 
^ po H { 5 | 
180 ‘oH «он OH OH 
| 1 СН Ae CH m m CH m 
18 = 18 3 C1V з 3 c 
CH; “OH Сну “он Bl U " fale 
OH OH OH 
H в 


b. The carboxyl oxygen will be labeled. 
Only one isotopically labeled oxygen can be incorporated into the ester because the bond between the 
methyl group and the labeled oxygen does not break. Therefore, there is no way for the carbonyl oxygen to 


become labeled. 
к become labeled 


Cr 18 
ә: “0 — сн, 


bond does not break 


c. In the presence of an acid catalyst, the ester will be hydrolyzed to a carboxylic acid and an alcohol. 
Both oxygen atoms of the carboxylic acid will be labeled for the same reason both oxygen atoms of the 
carboxylic acid are labeled in part a. The alcohol will not contain any label, because the bond between 
the methyl group and the oxygen does not break. 


78. a. The steric hindrance provided by the methyl groups prevents methyl alcohol from attacking the car- 
bonyl carbon. 


COOH 
НС CH; 


CH; 


b. No, because there would be no steric hindrance to nucleophilic attack. 
Copyright € 2017 Pearson Education, Inc. 


Chapter 15 507 


79. The amine is a better nucleophile than the alcohol but, because the acyl chloride is very reactive, it can 
react easily with both nucleophiles. Therefore, steric hindrance is the most important factor in determining 
the rate of formation of the products. The amino group is less sterically hindered than the alcohol group, so 
that will be the group most easily acetylated. 


[is [ii Tog i 
О 
СНОН | СНОН СНОССН; CHOCCH; 
L CH;CCI 7 я L 
ec . pyridine ec ec ec 
N N N N 
H Pyridine (atertiary amine) | | Н 
is used for the second C=O C=O minor product 
equivalent of amine | | 
(page 738 in the text). СНз CH; 
major product minor product 


80. The spectrum shows that the compound has four different kinds of hydrogens with relative ratios 2:1:1:6. 
The doublet at 0.9 ppm that integrates to 6 protons suggests that the compound has an isopropyl group. The 
signal at 3.4 ppm that integrates to 2 hydrogens indicates a methylene group that is attached to an oxygen. 
We can conclude that the spectrum is that of isobutyl alcohol. The molecular formula indicates that the 
compound that undergoes hydrolysis is an ester. Subtracting the atoms due to the isobutyl group lets us 
identify the ester as isobutyl benzoate. 


О 
|| на 
+  HOCHoCHCH 
а СНСН Но ән d di M 
2 3 СН; 
CH, 


81. a. К,СО, causes the solution to be at a pH that will cause the reactant to lose one of its protons. The 
electron-withdrawing carbonyl group makes its a-carbon more susceptible to nucleophilic attack than 
its B-carbon. 


О 
| 
О С 
= T AN 
OH боосу С осн OCH; 
KCO SN 
Cr CO; СТ вс—снєн' “OCH СТ СН,Вг 
OH OH Cae Y^ “он + Br 
О О 
| 
AN 
b. OCH’ ‘OCH; о–сн“ “осн, On „С. 
| но“ | OCH; 
СН,Вг CHiN Be 
ОН + Br or О + Вг 
А В 


The intramolecular formation of B occurs more rapidly than the intermolecular formation of А because 
in the reaction that forms B, the reagents do not have to wander through the solution to find one another. 


Copyright © 2017 Pearson Education, Inc. 


508 Chapter 15 


| A, um a а |, 
82. а R’—OH R’ a о R—C=NR’ 
R—CzN . 
H,0: | 
R / Е 23 * NS г 
С С= МНЕ’ C—NR' C—NR' 
„ll po | NJ | у 
N ZB +" H--Bt | 
H 
| у 
ES NHR’ 
| + HB* 
O 
b. The Ritter reaction does not work with primary alcohols because primary alcohols do not form 
carbocations. 


c. The only difference in the two reactions is the electrophile that attaches to the nitrogen of the nitrile: it 
is a carbocation in the Ritter reaction and a proton in the acid-catalyzed hydrolysis of a nitrile. 


83. Before the bond breaks, the three rings are not conjuated. The rings are conjugated in the carbocation. 
Therefore, the carbocation is a highly colored species. 


е “и 
H* 
: (^ 
Ho COOH 
4 
E | | | E, b х 


84. Each of the NMR spectra has signals between about 7 and 8 ppm (integrating to 5H), indicating that the 
compound has a benzene ring with one substituent. There is one additional signal that is a singlet. From 
the molecular formulas, it can be determined that the esters have the following structures. The singlet in 
each spectrum is due to a methyl group. Because the methyl group is at a higher frequency in the lower 
spectrum, it is the spectrum of the compound on the right, since its methyl group is adjacent to an electron- 
withdrawing oxygen. The compound on the left will be hydrolyzed more rapidly because its OR group is a 
weaker base. (The pK, of phenol is ~ 10; the pK, of methanol is ~ 16.) 
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|| | || 
а. С HCl. C SOCh _ C 
AUN IN AUN 
CH;CH, "NH, 04 CHCH; OH CHCH; Cl 


$ОСЬ 


b. CH4CH;CH,CH;0H CH4CH;CH;CH,C] -CEN.  CH4CH,CH;CH,CEN 


H20 | НСІ, A 
О 
| 
+ ZO 
NH4 + CH3CH;CH;CH; OH 
| | excess || 
т 5ОСЬ CH3NH, С 


С — = С Mui с OS , 
OH 

B _ 

NBS, А сен Сз, H,O 

peroxide HCI, A O 


The acid-catalyzed hydrolysis of acetamide forms acetic acid and ammonium ion. It is an irreversible 
reaction because the pK, of an acetic acid is less than the pK, of the ammonium ion. Therefore, it is 
impossible to have the carboxylic acid in its reactive acidic form and ammonia in its reactive basic form. 


If the solution is sufficiently acidic to have the carboxylic acid in its acidic form, ammonia will also be in 
its acidic form, so it will not be a nucleophile. 


С + "NH, ———>  poreaction 
CHj OH The ammonium ion is not nucleophilic. 


If the pH of the solution is sufficiently basic to have ammonia in its nucleophilic basic form, the carboxylic 
acid will also be in its basic form; a negatively charged carboxylate ion cannot be attacked by nucleophiles. 


О 


+ NH, ———- noreaction 
CHÍ No- The carboxylate ion is not attacked by nucleophiles. 


CHCH; 


+ CH3CH;OH 
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c 25; (ОСЊСЕ; 
| Cyr 
88. —c^ 4 \ 
8 C yen | oe NC сн, 


а | 
mc сн, CU е 


3 
| + СЕСЊО 
О -4 OH 
| :0; 
y: С» x 
CH—C^ “он ——— сн=с LÍ 
5 Мсн 
2 НО 
н“ ~“ | 
| H 
СНз + HO^ 
| O 
| 
фи 
М 20 
H^ ^c 
CH; + НО 


89. An enzyme called penicillinase provides resistance to penicillin using its СН,ОН group to open the 


four-membered ring. (See page 714 of the text.) 


-cng as — pas 


M 
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The inhibitor of penicillinase is a phosphate ester with an excellent leaving group, so it readily reacts with 
nucleophiles. When the CH,OH group of penicillinase attacks the inhibitor, a relatively stable рћозрћопу!- 
enzyme is formed, so its OH group is no longer available to react with penicillin. (The two sets of double 
arrows indicate formation and collapse of the tetrahedral intermediate.) 


оцін 
о | 
Н 
H GP ке NOUR y 
ОС = o 
- О 
О О 
ы 2 а phosphonyl-enzyme 


+ НО 


COO 


Hydroxylamine (H;NOH) reactivates penicillinase by liberating the enzyme from the phosphonyl-enzyme. 
(Unlike alkylation reactions with hydroxylamine where nitrogen is the nucleophile, it is known that oxygen 
is the nucleophile when hydroxylamine reacts with phosphate esters.) Again, the two sets of double arrows 
indicate formation and collapse of the tetrahedral intermediate. 


H,NOH 
Q o 
H 
y QP ^ е Ма 
N. „член » 4 CH,OH 
| o О 
o О 


ee H 
HO 
90. У НСІ HO 
NHCO,CH; NHCO;CH; 


Г Г „COCH; 
N^ COH; === tno T 
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91. 


92. 


Chapter 15 
но. о J 
7: HO, „о 
а. НО C. HO С. 8- 
т о NO, л: 6 NO, 
О О 
transition state if formation of the transition state if collapse of the 
tetrahedral intermediate is rate-limiting tetrahedral intermediate is rate-limiting 


О О 
|| | 
С 


ZN | И 


Because electron-withdrawing substituents have positive substituent constants and electron-donating 
substituents have negative substituent constants, a reaction with a positive p value is one in which 
compounds with electron-withdrawing substituents react more rapidly than compounds with electron- 
donating substituents, and a reaction with a negative p value is one in which compounds with electron- 
donating substituents react more rapidly than compounds with electron-withdrawing substituents. 


electron withdrawal increases electron donation increases 
the rate of the reaction the rate of the reaction 


log rate 
log rate 


-2 0 2 
o o 


a. Inthe hydroxide-ion-promoted hydrolysis of a series of ethyl benzoates, electron-withdrawing substituents 
increase the rate of the reaction by increasing the amount of positive charge on the carbonyl carbon, thereby 
making it more readily attacked by hydroxide ion. The p value for this reaction is, therefore, positive. 
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In amide formation with a series of anilines, electron donation increases the rate of the reaction by 
increasing the nucleophilicity of the aniline. The p value for this reaction is, therefore, negative. 


b. Because ortho substituents are close to the site of the reaction, they introduce steric factors into the rate 
constant for the reaction. In other words, the presence of an ortho substituent can slow a reaction down 
not because it can donate or withdraw electrons, but because it can get in the way of the nucleophile. 
Therefore, any change in the rate is due to a combination of steric effects and the electron-donating or 
electron-withdrawing ability of the substituent. 

Because the change in rate cannot be attributed solely to the electron-donating or electron-withdrawing 
ability of the substituent, ortho-substituted compounds were not included in the study. 


с. An electron-withdrawing substituent will make it easier for benzoic acid to lose a proton, so ionization 
of a series of substituted benzoic acids will show a positive p value. 
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Chapter 15 Practice Test 


Circle the compound in each pair that is more reactive toward nucleophilic acyl substitution. 


О О 
| | 
а. 
сн{ осн; ог сн/ *NHCH, 
О О 
. | 
CH/ ‘OCH; or CH, о ) 
О О 
| || 
с. С 
И 
СН; о— ось ог CHÍ va jos 
о о О 
"m | 
сн `o” Nch, or сна ^a 


What is each compound's systematic name? 


О OCH; 
a. AKA с. Gene! 
H 
О О О 
> A dos а. Ao ен, 


Give an example of each of the following: 


а. asymmetrical anhydride c. a transesterification reaction 
b. a hydrolysis reaction d. aminolysis of an ester 


What carbonyl compound will be obtained from collapse of each of the following tetrahedral intermediates? 


| | | | 
+ + 
а. СНз— T — МН. b. CH5— T — ОСН; с. СНз— T — NH) d. CH3— T — QcHs 
OH * OH OH OH 
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What are the products of the following reactions? 


a. CH;CH,C=N + H,O на 
| 
HO” 
CH,CH; `OCH,CH;, 
о о 
с | | + HO 
• 2 
CH,CH,CH; “0” CH,CH, 
| 
а. И + 2СНуСНМН, 
CH,CH; са 
О 


НСІ 


е. C t CH3CH;0H 
CY OCH 3 excess 


Show how the following compounds can be prepared from the given starting material: 


8. CH4CH;CH,Br CH3CH,CH,CH,NH, 
О О 
b. СН.СН.СН.В | | 
e 3V По порг 
CH,CH,CH// ^O^ "CH, 


What are the products of the following reactions? 


О 
| 1. SOCI, 


CH4CH;CH; OH 2. CH3CH;CH;0H 


| 
b. + НСІ 
А H30 c 
CH,CH;  ""NHCH, 
|| 
5 НСІ 
с УК + Но 
CH4CH; O excess 
O 
d 1. HO 
> 2. СНАСЊСНоВг 
ca 3CH2CH2 
3. HCI, НОО, А 
О 
О О 
| | CH4CH5OH 
e. + 3CH, 
CH; ^ O^ cH, 
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СНАРТЕЕ 16 


Reactions of Aldehydes and Ketones • More Reactions of Carboxylic Acid Derivatives 


Important Terms 


| 
acetal 


aldehyde 
catalytic hydrogenation 
chemoselective reaction 


conjugate addition 
(1,4-addition) 


cyanohydrin 


deoxygenation 


direct addition 
(1,2-addition) 


disconnection 


i 
! 


dissolving metal reduction 
enamine 


gem-diol (hydrate) 


| 


hemiacetal 


hydrate 


OR OR 
км ог uS 
OR OR 


addition of hydrogen to a double or triple bond in the presence of a metal catalyst. 


a reaction in which a reagent reacts with one functional group in preference to 
another. 


nucleophilic addition to the B-carbon of an a,6-unsaturated carbonyl compound. 


"n 
R—C—C=N 
КН) 
removal of an oxygen from a reactant. 


nucleophilic addition to the carbonyl carbon of an a,8-unsaturated carbonyl 
compound. 


the breaking of a bond to carbon in a retrosynthetic analysis to give a simpler 
molecule. 


a reduction using sodium or lithium metal dissolved in liquid ammonia. 
an a), B-unsaturated tertiary amine. 
a molecule with two OH groups on the same carbon. 


"n ү 
E м ог h 
OR OR 


a molecule with two OH groups on the same carbon. 


516 
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hydrazone 


imine (Schiff base) 


ketone 
nucleophilic addition 
reaction 


nucleophilic addition- 
elimination reaction 


oxime 


pH-rate profile 


phenylhydrazone 


protecting group 


reduction reaction 


reductive amination 


synthetic equivalent 
synthon 


Wittig reaction 


ylide 
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a reaction that involves the addition of a nucleophile to the carbonyl carbon of an 
aldehyde or a ketone. 


a reaction involving nucleophilic addition to a carbonyl group to form a tetrahedral 
intermediate, which then undergoes elimination of a leaving group. Imine forma- 
tion is an example: an amine adds to the carbonyl carbon, and water is eliminated. 


K 
C=N— OH 
(H)R 


a plot of the rate constant of a reaction versus the pH of the reaction mixture. 


R 
N 
C—N-—NHC4Hs 
(H)R 


a group that protects a functional group from a synthetic operation that it would 
otherwise not survive. 


in the case of an organic molecule, a reaction in which the number of C — H bonds 
is increased or the number of C—O, С— М, or C — X (X = halogen) bonds is 


decreased. 


a reaction of an aldehyde or a ketone with ammonia or with a primary amine in the 
presence of a reducing agent. 


the reagent actually used as the source of a synthon. 
a fragment of a disconnection. 


a reaction of an aldehyde or a ketone with a phosphonium ylide, resulting in the 
formation of an alkene. 


a compound with opposite charges on adjacent covalently bonded atoms with 
complete octets. 
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Solutions to Problems 


1. 


3-methylpentanal, 8-methylvaleraldehyde 
4-heptanone, dipropyl ketone 
2-methyl-4-heptanone, isobutyl propyl ketone 
4-phenylbutanal, y-phenylbutyraldehyde 
4-ethylhexanal, y-ethylcaproaldehyde 

] -hepten-3-one, butyl vinyl ketone 


mo ao рь 


If the carbonyl group were anywhere else in these compounds, they would not be ketones (they would be 
aldehydes) and, therefore, would not have the “one” suffix. 


a. 6-hydroxy-3-heptanone b. 2-oxocyclohexylmethanenitrile c. 4-formylhexanamide 


a. 2-Heptanone is more reactive because it has less steric hindrance. There is little difference in the 
amount of steric hindrance provided by the propyl and the pentyl group at the carbonyl carbon (the site 
of nucleophilic addition) because they differ at a point somewhat removed from the site of nucleophilic 
addition. However, there is a significant difference in size between a methyl group and a propyl group 
at the site of nucleophilic addition. 


О О 

| | 
CHÍ Хенењењењен» CH,CH,CHY \CH)CH,CH; 
2-heptanone 4-heptanone 


b. Chloromethyl phenyl ketone is more reactive because chlorine is more strongly electron withdrawing 
than bromine since chlorine is more electronegative. Withdrawing electrons inductively away from the 
carbonyl group makes the carbonyl carbon more electrophilic and, therefore, more reactive toward a 


nucleophile. 
О О 
| i 
CY CH,Br CY “сн, 
bromomethyl phenyl ketone chloromethyl phenyl ketone 
он он HO, сн, 
а. СН»СН»СНСН» b. си с. 
СН» 
j | 
VEN + CH3CH;CH;MgBr or VEN + CH3MgBr 
CH; СН»СН» CH3CH; CH;CH;CH; 
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a. Two stereoisomers are obtained, because the reaction creates an asymmetric center in the product. 


| ОН CHCH; 
E : — CH; —- СН2СН2СНз CH; — СН»СН»СН» 
CH;  CH;CH;CH, ^^? CH;CH; OH 


(S)-3-methyl-3-hexanol (R)-3-methy]-3-hexanol 


b. Only one compound is obtained, because the product does not have an asymmetric center. 
| li 
1. CH3MgB 
P aoa" сњсснгснсњ 
Н с 
СНз СН›СН›СН» CH; 
а. Solved in the text. 
j 
b. A Solvedin the text. D УК + 2CH;CH.MgBr 
СНз OR 
О О 


| | D- 
B C + 2CH3MgBr F С + 2 MgBr 
CH “ов CH “ов 


If a secondary alcohol is formed from the reaction of a formate ester with excess Grignard reagent, the 
two alkyl substituents of the alcohol will be identical because they both come from the Gri gnard reagerít. 
Therefore, only the following two alcohols (B and D) can be prepared that way. 


CH;CHCH, CH, CH;CHCH;CH; 
OH OH 


о) ом Ө > 


+ CH3CH; —M Br 
CH са | | CH Cen CH 
3 CH2CH3 3 es 


CH3CH2— MgBr 


OH O^ MgBr 


| 
CH;— C—CH,CH; CH3— C— CH;CH4 


CHCH; CHCH; 
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11. A and C will not undergo nucleophilic addition with a Grignard reagent. A has an H bonded to a nitrogen, 
and C has an H bonded to an oxygen; these acidic hydrogens will react rapidly with the Grignard reagent, 
converting it to an alkane before the Grignard reagent has a chance to react as a nucleophile. 


B will undergo a nucleophilic addition-elimination reaction with the Grignard reagent to form a ketone. 


This will be followed by a nucleophilic addition reaction of the ketone with another equivalent of the 
Grignard reagent. The product will be a tertiary alcohol. 


OH 
12. a NaOCI 1. CH;MgBr H,SO, 
сн 2. НЗО+ A 


OH 
b. NaOCl 1. CH,CH;MgBr H,SO, 
сњсоон 2. 6,0" А 
н,|Ра/с 
ОН 
c OH Br MgBr | 
НВг Mg 1. CH,CH 
A ЕБО 2. H30* 
|| од OH 
мамну _ СЊСЊСН o | HCI o | 
13. а. НС==СН нс=С ———~ HC-zECCHCH;CH, — НС==ССНСН,СНз 
NH, _ CH3Br = NaNH  ___ 
b. HC=CH нс=с- ———— HC=CCH; C=CCH; 
О 
он 
Сн 
ОН T о“ 


pyridinium 
| = chloride | m 
СНС == CCH; > CHC=CCH3 


Pyridinium chloride is used to protonate the alkoxide ion in the last step because it will not add to the 
triple bond like НС will. 
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17. 


18. 
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NH CH4CH;B NaNH m 
c. HC=CH 2 нс=с- ——À  gceccHCH L^ CC CCHCH, 
CHyCCH, 
OH pyridinium о 
| chloride M 
CHsCC= CCH.CHs — CH;CC=CCH;CH; 
СН» СН; 


Notice that ethyne must be alkylated before it reacts as а nucleophile with the carbonyl compound. If 
ethyne is alkylated after nucleophilic addition to the ketone, alkylation can occur on both carbon and 
oxygen. 


р од од ОСЊСНз 
CH;CCH, | NaNH, CH,CH,Br 
— _—— 


| 
С Снзсс==ссњсн, 


СН; CH; СНз 
Similar to the way a Grignard reagent reacts with an ester, an acetylide ion first reacts with the ester іп а 


nucleophilic acyl substitution reaction to form a ketone; this is followed by a nucleophilic addition reaction 
to form a tertiary alcohol. 


| | | " 
C RC—-C  R—C—OR C 1. КС=С- R—C— CECR 
R^ “ов | R/ ~C=CR 2. pyridinium 
С chloride С 
| + RO Ц 
Б a ketone Б 
а tertiary alcohol 


Notice that the alkoxide ion is protonated by pyridinium chloride rather than by НС or НзО* because 
these acids would add to the triple bonds. 


The reaction is carried out with excess cyanide ion in order to have some unprotonated cyanide ion to act as 
a nucleophile. НСІ is a strong acid, so it dissociates completely and protonates the cyanide ion. Therefore, 
there is no HCl in the reaction mixture, so HCN is the only acid available to protonate the alkoxide ion. 


HC=N + СГ 


HCl + -C=N 


No, an acid must be present in the reaction mixture to protonate the oxygen of the cyanohydrin. Otherwise, 
the cyano group will be eliminated and the reactants will reform. 


Strong acids like НСІ and H,SO, have very weak conjugate bases (СГ and HSO;), which are excel- 
lent leaving groups. When these bases add to the carbonyl group, they are readily eliminated, reforming 
the starting materials. Cyanide ion is a strong enough base not to be eliminated unless the oxygen in the 
product is negatively charged. 


Solved in the text. 
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19. 


21. 


22. 


23. 


Chapter 16 


1. СНзСН,Вг 8. СН3СН›МрВг 
ЕО 


2. СНзСН,Вг СЕМ CH4CH;CEN 


а. 


1. СО, 


H,0° 


НСІ, H,O EN 
———>ъ 
А 


CHsCHCHLOH b. Өх: 


СН» 


СН»СН»СН»СН»ОН + CH,CH.OH 


Ж“ 


О 
|| 


CHí “мн, 


1. ПАН, 
НСІ, H,O, А 
1. НСІ, HO, А 


(оно 


CH3CH;CH;CH2NH; 


2. HO 


2. LiAIH, — 3. На 


d. noreaction 
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CH;CH/ “он 


OH 


| 
с. cae он d. (усног 
Cy + CH40H 


d. CH,CH,CH,CH,CH,OH 


О 
| 


CH/ ‘NHCH,CH; 


"d 


CHÍ “мснсн; 


СН»СН» 


25. 


27. 


28. 


29. 


30. 
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О 
| 
SN 
CH,CH=CH Н 
Я У 1. NaBH, 
ane 
| у Pd/C d nickel в. 
и x 
CH3CH;CH; `H CH,CH,CH,CH,OH CH4CH—CHCH;OH 
ii i col 
a. on б CH,COCH; 


OH 


b. COCH; d. CH;CH;OH 
CY + СЊОН 


The nitrile reacts with the Grignard reagent to form an imine, which can then be hydrolyzed to а ketone. 


ÁN 
R—C=N + R7-MgBr ——- C-N — C—NH C—O + 'NH4 


R’ R’ © R 


R R 
N - HC N НСІ N 
/ 


The OH group withdraws electrons inductively, and this makes the ammonium ion a stronger acid. 


— 


+ + 


Figure 16.2 for imine formation when the amine is hydroxylamine (pK, of its conjugate acid = 6.0) 
shows that the maximum rate is obtained when the pH is about 1.5 units lower than the pK, of the amine's 
conjugate acid. Therefore, for an amine such as ethylamine whose conjugate acid has a pK, 11, imine 
formation should be carried out at about pH — 9.5. 


For the derivations of the equations used to calculate the amount of a compound that is present in either its 
acidic or basic form, refer to Special Topic I in this Study Guide and Solutions Manual. 


H* 
a. fraction present in the acidic form — ETE 
[H*] _ 3.2 х 1075 
K, + [Н+] 3.2 X 10” + 3.2 x 1075 
_ 3.2 х 107 
3.2 x 107 
=1x 10712 
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Ht 
b. fraction present in the acidic form = ES 
—[H'] . 32x10 __ 
К, + [Н+] 32x10 + 32 x 1072 
_ 3.2 1072 
3.2 х 10' 
= 1 х 1072 
fracti t in the basic fe Ка 
C. raction present in tne ст = — 
р aSic ТО К, + [H*] 
LOK 2 0 10x15 __ 
K,-[H*] 1.0 X 107° + 3.2 x 1072 
|. 10 x 107° 
32 x 10? 
= 3.1 x 107? 
31. a. b. 
OH 
=N с=м^ 
/ mn и е 
Н NH, CH;CH; 


32. a. Notice that both of these mechanisms have a feature that we have seen in many mechanisms— 
formation of three tetrahedral intermediates: a protonated tetrahedral intermediate, then a neutral tetra- 
hedral intermediate, and then a second protonated tetrahedral intermediate. 


R R NHR 
ye. / 
1. м + н == x + во: === 


+ 
protonated СОН 


tetrahedral B: Н 
intermediate 


| 


neutral tetrahedral 
intermediate 
B: 
+ 
+ + .. дк 
О: + КМИН === OH + RNH, == 
(бн 
protonated tetrahedral 
intermediate 
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NR 
2 di + HQ: === 
| ne UT T US 
H H CI 
ВАН 
B-carbon || 
“= 
NR? 
OH 


+ 
+ + " RI 
О: + RNH === OH + RNH === 
Con 


b. The only difference is the first step of the mechanism: in imine hydrolysis, the acid protonates the 
nitrogen; in enamine hydrolysis, the acid protonates the B-carbon. 


33. a. trace H* 
O +  CH;CH,NH, МСНСН, + НО 
b. trace Ht „СС 
ЮЕ +  CHCH;NH = Фа + H,O 
| CH,CH; 


CH,CH; 


с. {ус + CH;(CH,);NH, E "т + ЊО 
Us бн, 
1, Сн, 


34. A tertiary amine will be obtained because the primary amine synthesized by reductive animation will react 
with the excess carbonyl compound, forming an imine that will be reduced to a secondary amine. The 
secondary amine will then react with the carbonyl compound, forming an enamine that will be reduced to a 
tertiary amine. 


ay NaBH,CN R;C-—O R;C—O 
R2C—O + МН. —————- R;CHNH; "NaBH,CN R;CHNHCHR; "NaBH,CN (R2CH)3N 
primary secondary tertiary 
amine amine amine 
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35. 


36. 


37. 


38. 


39. 


40. 


Сћаргег 16 
О О 
С | ob | 
а. СН» . (CH3),CH 
m Figs mem 
хе № ^c О 
[| | 
О О 
AC ( 
:0: н=0 ОН 
S | 


Because ап electron-withdrawing substituent decreases the stability of а ketone and increases the stability 
of a hydrate, the compound with the electron-withdrawing nitro substituents has the largest equilibrium 


constant for addition of water. 
ON | | МО» 


The electron-withdrawing chlorines decrease the stability of the aldehyde (and, therefore, decrease 
its concentration), increasing the equilibrium constant for hydrate formation compared to, for instance, 
acetaldehyde. 


=O 


С) 


к = [hydrate] 
the concentration No Е" [aldehyde] [HO] 
is decreased 


a. hemiacetals: 1, 7, 8 

b. acetals: 2, 3, 5 

c. hydrates: 4, 6 

a. Hemiacetals are unstable in basic solution because the base can remove a proton from an OH group, 


thereby providing an oxyanion that can expel the OR group (since the charge that develops on the 
oxygen in the transition state is negative) and form a stable aldehyde. 


O—H Om О 
| _ |-> | 

а; HO R—C—H Px + RO 
OR Chis m oH 
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b. In order for an acetal to form, the CH3O group in the hemiacetal must eliminate ап OH group. 
Hydroxide ion is too basic to be eliminated by a CH4O group (because the charge that develops on the 
oxygen in the transition state is positive), but water, a much weaker base, can be eliminated by a CH3O 
group. In other words, the OH group must be protonated before it can be eliminated by a СЊО group. 
Therefore, acetal formation must be carried out in an acidic solution. 


:OCH 
Cie 


R—C—H < 


c. Hydrate formation can be catalyzed by hydroxide ion because a group does not have to be eliminated 
after hydroxide ion attacks the aldehyde or ketone. 


on OH 
| HO- | H,O 
R—C—H R-—C-——H 
OH OH 


41. When a tetrahedral intermediate collapses, the intermediate that is formed is unstable because of the 
positive charge on the sp? oxygen atom. In the case of an acetal, the only way to form a neutral species is to 
reform the acetal. 


H 
RO: 
s нъ АН P ) 
:OR :OR 
| к 4H 
R—C—H о == E oH = | 
:OR Gor *OR 
acetal unstable 
In the case of a hydrate, a neutral species can be formed by loss of a proton. 
| / “н ram Н В H,O 
:OH :OH 
| C к „Н R, „Н . 
R—C—H === R—C—H === f = | + HB 
:OH 7 +ОН + HO О: 
hydrate unstable 
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ОН 
42. а. CHON b. NaBH, because it is not strong enough a reducing agent to 
reduce the less reactive ester 
both groups would 
be reduced 


43. An acetal has a very poor leaving group (СНзО”). 


44. If the OH group of the carboxylic acid is not protected, both OH groups will be converted to COOH 


groups. 
О О О 
SOCI, {СЕМ Na. 
HO —== С ——— C 
OH pyridine СІ о 
"SN 
HCI | H,O 
А 
О 


СООН 


45. If the yield of each step is 80%, the yield of В is 80%; the yield of С Кот В is 80% times the yield of В; 
the yield of D from C is 80% times the yield of C; and so on. 


a А — В — с — D — Е — Е — G 
80% 0.80 х 0.80 0.80х0.64 0.80x0.51 0.80х041 0.80х0.33 


64% 51% 41% 33% 26% 
b G — H == 1 
26% 0.80 х 0.26 0.80 x 0.21 
21% 17% 
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СНз 


A А 


46. а. НО Br + (CH) CSIC] 


CH; 


С 


(CH,CH,CH,CH,),N*F- 


но 


OH 


| 
b НОД + (СНС 


СН» 


С 


„снснснуснәдет- 
OH 
но 


СН» 
| H,0* |. 

(CHy.cSio ТҮ <—_ (CHjcSio “ “ү 
| ОН | 
Нз 


Тв OH 
(cues ~ 26, 
H3 


Chapter 16 


CH3 
imidazole, — CH) cli ОЛУ “в А 
бн, 
ме | Evo 
CH3 
(CH3)4CSiO MgBr 
сн! 
| CH,CH—O 


CH; 


О 
CH3 


CH; о 
imidazole, CH); со 
C^ ама 
CH; o- 
B (cit ^. УС 
m 
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с. The carbonyl group has to be protected to prevent it from reacting with the Grignard reagent. 
This synthesis is easier to understand if the CO, needed in the third step is written as О=<С=0. 


D AD AD 
Са О О О 
НСІ Мр 
HOCH,CH,OH Et;O E. 2 


Br Br MgBr COO 


COOH 


48. Solved in the text. 


а. 
1. ( у= +  СН.СИСН=ЕРСН ог (yore + CH,CH,CH=O 


2. (CgH35C—O + СНз:СН==Р(СН5)з ог (Сене С=Р(СеНоз + CH3CH—O 


3. C ces =O + CH ,=P(C6Hs)3 ог (у =P(CsHs)3 + СН,=0 


49. 
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‘оцу ‘цоцезаря uoswad [105 О 193124000 


сз 


Оне Ino 77 
\7 || YT "I 
НОНЭНЭ О rmo 


o= ) O=9°(SH"D) о) 


+ + + 
t(SH?9)d —*HO 'е (CHD) — HOfHO < t(5H?5)q =H HƏ HI Т 


“opryey [Axe 
poropury Апеоџојз 5591 оф шоу рэ715эЧзиА$ оруђа оф sey yey) леа од sr SjuaseoI Jo 195 1524 IJL ә 


io) JHHO'(SH?)) a) 


10 10 10 
IgfHO 'Е IHOHO Z лаеносноно т 


"q 


IES 91 Jo1deu;) 


`0$ 
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+ + 
Вг Р(СеН Р(СЕН 
е. CY PCH, g (C6H5)3 CH,(CH,) Li CY (CcHs)5 


а СНСН; : CHCH, 
HCI -H+ 
CHCH, 7 ra IU 
+ HO 


To see why 1-ethylcyclohexene is the final product of the dehydration, see page 470 in the text. 


5 1. ОН 
| 
a. b. CX c. v = У d. CHj4CH—CHCH;OH 
c О OH CH, CH; 
|| steric hindrance strong base favors strong base favors 
N at the B-carbon direct addition direct addition 
weak base favors favors direct addition 
conjugate addition 
52. 


Conjugate addition occurs in a and c because the nucleophile is a relatively weak base. Nucleophilic 
addition-elimination occurs in b because the carbonyl group is very reactive. Because excess base is used 
in part d, both nucleophilic addition-elimination and conjugate addition occur. 


О 
а. с. 
сњенсну NOCH; CH,CHCH/ “осн, 
Br NH, 
О о 
b | а g 
CH;CH=CH’ “осн, CH CHCHY “мн, 


МН» 
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| ‚Л | | 
а. : А 
И \ и х 
CH4CH H CH4CH;CHCH;CH; H 
| | 
CH; СН» Вг 
О О О О 
' | Ж lA 
. e. 
/ N Z Na N N 
СН.СН==СНСН.СН, CH, CH, С H 
CH,CH; 
О О О О 
| TP ГЕ 1 
с. А 1. 
ZN a 
CHsCHCH,CHy `снусн,єнсн, CH,CHY `єнсн,сн,сн, CH; (нен; H 
CH, CH, Br CH; 
CH3CH;0,. , 9CH;CH; 
а. „С N e. CH43CH;CH;C H OH CHCH OH 
CH,CH; `H F^ 
О О О 
b | f “с^ 
• С • 2 M 
CY ^" CH,CH,CH; CH,CH,CH; СН» 
ОН о 
| CH, СН,МН, 
с. CH;CH,CHCH; g h. Cy 
OH Ca 


d. CH4CH,CCH,CH, 


с— 


|| 
N 


The greater the steric hindrance at the site of nucleophilic addition, the less reactive the carbonyl compound. 


> 


> 
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О О 
I and | 
CH3CHCH;7  "OCH;CH;CH, CH3CH;7  "OCH;CH;CH;CH; 
О 
|| 
57 О УК ‘CH= 
‚а. | a Ni R'CH=CH, 


Q 


u^ S 1. NaBH, 1. RjBH/THF 
2. НО”, H;0;, Но 


H 
B can RCHBr 
О 2. H30* p CH4COO- 


C 2. HCI, HO 
UNS 1. LiAl 
R "og САН RCH,OH ЕСЊОСНа 
2. НзО* А 
1.(R’),CuLi 
О | NaBH, 2. H0* 
| ‚ | I NaBH; \ 1. RMgBr 
2.90* |2, њо" 2.H;0* О 
/ 3 ‚ 133 
R ^a ZX 
| | 
Pes. SS 
R О R 


b. The reaction of an organocuprate with ethylene oxide leads to R’'CH,CH,OH. Because this alcohol does 
not have a methyl group on the B-carbon, this method cannot be used to synthesize isobutyl alcohol. 


R’CH,CH,OH cannot lead to СНАСНСНОН 


| 


58. а. CH3CH2CH2, ,H d. CHOH reduction 
7 C=C 
pC 
reduction 
СНОН 
b. CH3CH;CH;NHCH; reduction e. + CHOH 
reduction 
О 
[| 
"Зән 
с. СН»СН»СН» f. oxidation 
reduction 
59. а. 6-methyl-4-hepten-3-one с. (5)-4-тешуШехапа! 
b. 6-ethoxy-5-ethyl-2,2-dimethyl-4-heptanol d. 5-amino-6-hydroxy-2-heptanone 
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OH 
1. NaBH, нон 
2. H30* 
OH 
с. 1. МаВН4 РВгз 
2. H30* pyridine 


ын CEN сан Е 


product of с 


f. О trace N(CH3)2 N(CH3)2 
id 
og әв 2. =a Y 
CH; 
2. Вг CH=CH) 
CY + (CH,=CH),CuLi ——— CY 
product of € 
r 
"C—CH == == 
e 
product of с 
О 
ћ. 
1. HSCH,CH,CH2SH/HCI 
2. H,, Raney Ni 
or 
O OH 


1. NaBH, H,SO, Н, 
——— — —— —— 
2. H30* 4 Pd/C 
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О CH,CH; CH CH; CHCH, CHCH; 
1 1. CH3CH;MgBr EE 4 H; 
2. H30* Pd/C 
or 
О CHCH, CHCH; 
+ CH3CH-—P(CgH, ——- @ = 
fes " 
i RENS он 
с :В 
61. а. ПОА о s ei 
HB* Г `H 
~ с} Н (^ 
ОСНз „ОС 3 Н OH H--Bt 
О О CH30H C$ б: @ 


О H~Bt 
LS H 
а | 
^ oe ^ "um 
о HB б-н В | А | 
+ (B Сто: | “и 
| Нн 
Фе. 
О + :В 


Copyright © 2017 Pearson Education, Inc. 


62. 


Chapter 16 537 


O O О 
| | || 
а. УСУ EOS МИК SOC. Зе 
H OH == СІ 
pyridine 
\ 1. Мавн„ 2. | Бом CH3CH;CH;0H 
О 
| 
аи а 
| OH 
b. Тон NaOCl NEL `H l. СЊСНМрВг Pp № 
CH,COOH 2. НзО* 
0*C СНСООН 
NaOCl 0°С 


- 


OH O NHCH; 
с. Маса 1. CH3NH; 
CH,COOH 2. NaBH;CN 
0°C 

d. О он о 

1. NaBH4 #2504 1. Оз, -78 °C АЗАТ 

——— ——— —ÀMM e H 
2. H30* А 2. (CH3S 


O 
| со, 
О 
OH 
О 
е. о CH3 CH; | 
1. CH3MgBr ОН H2850, 1. Оз, -78 °C Pg SU Un 
2. НС! A 2. (СН;),5 
О 
| со, 
О 
аА 
О 
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о: 
f. MgBr CO, 
= O 


у 
М 
“ы. pe 
_CH,CH)NH, 
O 
РВгз l. Li У 1. Н›С==О 
63. а. CH30H Sone CH3Br ===  (CHs3)2CuLi СНзСН2ОН 
Вг, l. Li : 1. ethylene oxide 
b CH, gos CH3Br "YS (CH3)2CuLi oo 3 CH3CH,CH,OH 


ехсеѕѕ 


5: +S —CH,CH; :S—CH)CH; 
1 сыз 4 но ~ 


CH3CH 
64. a. € C HN — C— NH; 

ZN Z N HO: | 
Нм — NH, нм “мн, > Сон 
HN NH нм NH | 

2 \ 2 2 ~ И 2 

С + CH;CH,SH с + CH3CH;S 
*OH 


b. CH3CH;CH;CH;CH,SH 
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В 650, р 
1. К,В 2 
2. H30», НО”, ho Bae СН» СНз 
НВг 
ОН Вг 
ACH; СН; СХ 
K7 О 2. (CH3).S O 
OH ы ОН | | | ^ 
. Cul 
/ / 
CH; “он,сн,сн,сн; “н RN f 
[нос I 4. НСІ ай 
c 0 [ee g 
3 2 4 
CH3CH;OH C C PII 
sr d сна “сн,сн,сн,сн/ “он 
не 3 | 2V H5V 1H» О 
CH; 
trace acid SOCI 
О | à О 
OCH;CH; асе, || || 
С С 
СН 
с OCH2CH3 e : CH \CH,CH,CH,CHY ^a 
K CHOH 
d NCH;CH5 Es O О 
| || 
РЕЧ ек 
СН; CH,CH,CH,CH, OCH; 
L 
HO OCH; 
+ 
66. a. | =O + CH3;CH;NH S 
CH;CH; 
E 
b. СНСЊССНз f. 
N 
CH;CH; H 
uer: NCH;CH; 
с. 5. 
он CHCH ане 
d. CH4CH;,CCH;CH; h. 
CH;CH; 
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i. aar Soak. j. в ар "A 


| 
CH; 


67. The offset shows that there is a signal at ~ 10.0 ppm, indicating an aldehyde. The ЇН NMR spectrum is that 
of benzaldehyde. Phenylmagnesium bromide, therefore, must react with a compound with one carbon to 
form an alcohol that can be oxidized to benzaldehyde. Therefore, Compound Z must be iE 


њс=09 1. .l.phenylmagnesium bromide bromide сн,он N98, NaOCl 
ee a Е CHjCOOH | 


formaldehyde 
Compound Z 
^x 
(бен сОсн <! С 
5 н CH30, “OH СНзО: ОН 
ој Ф е © @ 
Н Ме 
о HB* Сноу ;OH 
T СНзОН 


Н L B* 
b. _сњснабн_ 
к 


cOCH;CHS 
| on B 
Os 
O^ ~OCH,CH; 
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69. а. three signals in its ІН NMR spectrum b. three signals in its C NMR spectrum 
г] "E 
C C 1. ехсеѕѕ CH:MgBr— CH,CCH;CH;CCH3 
сна "cH,cH/ “осн,  ?Hd | | 
3 272 3 CH; CH; 
Ө н Ө OCH; 
TN J.CH3MgBr СЊСЊСНСНу MOC! VN . HC ,  CH4CH;CCHs 
2. HCI CH,COOH CH30H 
70.  CH;CH; H 0°С СНзСН» CH; excess OCH3 


71. Electron withdrawal from the benzene ring increases the electrophilicity of the carbonyl carbon, which 
makes it more reactive. 


Electron donation into the benzene ring decreases the electrophilicity of the carbonyl carbon, which makes 
it less reactive. 


The first compound is the most reactive toward nucleophilic addition because the nitro substituent 
withdraws electrons from the benzene ring inductively and by resonance. 

The third compound is less reactive than the compound without a substituent on the benzene ring because 
the isopropyl substituent donates electrons into the benzene ring by hyperconjugation. 

The fourth compound is least reactive because the ethoxy substituent donates electrons strongly into the 
benzene ring by resonance. 


О 
| 
72. a. С МАЊА CH,NHCH, 
cre CY 
О О 
| на! | 
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| | | 
с, С НС} С SOCI, С 
CY ~NHCH; ЊО, A CY он “с 
СНЗОН 
О 
| 
С 
CY OCH, 
О О CHOH 


d. C 
РО | 
Om OY 


73. In parts a, b, and d, a new asymmetric center is formed in the product, so a racemic mixture is formed. In 
part c, both Е and Z stereoisomers are formed. 
i i О, 
d N 
a. НЕ, 
i m 
i | My as 
“СН 3 а е 
b. | Сы ЫС 
АН Hy N 
CH4CH; Мн но” ~CH,CH; 
j 
74. a. А, + ( ума 
СЊСН;  "CH,CH;CH,CH, 
O 


S + CH3;CH,CH,CH,MgBr 
CH,CH; 


~ 


| 
C. + CH,CH,MgBr 
CY CH,CH,CH,CH; 
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е; 


Ь. С + СН$СН›МрВг 


/ 
CH4CH; CH,CH,CH; 


p +  CH,CH,CH,MgBr 
CH,CH;  'CH,CH, 


О 


| 
E +  2CH4CH;MgBr 
CH3CH,CH), OCH;CH; 


HO, CH, 
a. b. с. а. 
СНз CH; CH; 
CH; SCH,CH; 


CH;CH; Br 


Notice that ketal formation can be used to protect either ketones or 1,2-diols. Thus, in part a, the 1,2-diol is 
protected by acetone, whereas in part b, the ketone is protected by 1,2-ethanediol. 
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O 


СН 02 
78. а. 
OCH,CH; + CH, —MgBr uc G 
Ц 3 OCH,CH, 


CH 
CH4CHOH CH,CHO + P = s 
cxf © 9 о' [осн,сн, 
нов МУ 
Он 
| Cj 
b CCH; ie 
СХ "A = C 7? 
С p 
OH 4 QTR 
A D Bt 
СН» 
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О О 
а. | | 
О OH О OH NOH 
2 2 H H 
A B C D 


OH Br +Р(СЬН.)» 
b. 4 dud w ey 
A B С р 
:0: 
СТ | Ci | | 
а=с=с=@ vo реса c—c—cl 
| | 
| y S 
S S S 
CH; “сн, CHS * "CH, сву } NCH; 
Бо: 


| | | 
СН» " CH; + "O—C—C-—CI 
S 


а 
dimethylchlorosulfonium ion 


In the first step of each reaction, cyanide is eliminated because it is a weak base. Conjugate addition occurs 
in the second step, again, because cyanide ion is a weak base. 


A 


НО:- Н— OH HO: 

O—H О О 

| || || 
а. CH, =CHCH_C=N CH,—CHCH N=CCH,CH,CH 

“CEN 
d "4. n 
HO: Н— OH HO: 
O—H О 
|2 || | _ 
b. MEINT CH; CH3CCH-— СН, CH3;CCH,CH,C=N 
4 C=N СЕМ 


We have seen that the Wittig reaction proceeds via a concerted [2+2] cycloaddition reaction. 


О + 
|--^ P(C¢Hs)3 OF P(CéHs)s R 
PX —— б —— \с=сн + О==Р(СсН;) 
CHCH; “н CH, RCH CH о a 645) 
H 
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In contrast, the sulfonium ylide adds to the carbonyl group to form the intermediate shown here. The 
intermediate has a nucleophile (an oxyanion) that attacks the methylenecarbon because (CH;),S is a weak 
base and, therefore, a very good leaving group. 


О - 
» бг 


| О 
СНЗЄН (OH лен — (CH), 


LZ ~ 
CH3CH;CH — CH; 
+ (СНз)›$ 


+ 
(CH3)2 


| 
CH3CH;CH— CH) zv 


83. The absorption bands at 1600 cm !, 1500 cm !, and 73000 стг! in the IR spectrum indicate that the com- 
pound has a benzene ring. The absorption band at 1720 ст! suggests that it is an aldehyde or a ketone 
and the carbonyl group is not conjugated with the benzene ring. The absorption bands at 2720 cm ! and 
2820 ст”! indicate that the compound is an aldehyde. 


The broad signal at 1.8 ppm in the ЇН NMR spectrum of the product indicates ап OH group. We also see 
that there are three different kinds of hydrogens (other than the OH group and the benzene ring hydrogens). 
The doublet at ~ 1.2 ppm that integrates to 3 protons indicates a methyl group adjacent to a carbon bonded 
to one hydrogen. The doublet at 3.6 ppm that integrates to 2 protons is due to a methylene group bonded 
to a CH group. The chemical shift of this signal suggests that the electron-withdrawing OH group is also 
bonded to this methylene group. 


The IR spectrum is the spectrum of 2-phenylpropanal, and the ЇН NMR spectrum is the spectrum of 
2-phenyl-1-propanol. 


О 
|| 
/ б. 1. NaBH, 
CH^ Wo === CHCH,OH 
| 2. НСІ | 
CH; | CH; 
| ie 
1. excess CH3MgBr 
84. а. {_Уу—%®, UE =“ 
СН» 
О О 
b Обен аш сн,он — Сн 
` 3 HA 2 CH,COOH 


The synthesis can also be carried out in one step. 


O О 
| 1. (CH3)j;CHCH;];AH, -78 °С || 
COCH; ^no = H,O CH 
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О 
Вг _Ms шаре 
E dice ЕО М“ ВВ тна OH 
or О 
Br "CEN Zn НСІ, H,O ОРЗ 
м HC ^7 n OH 
1. НАНА 
2. H20 
CH; "N^ “0 CH; “№ 
H H 
NCH; NHCH; 
маос — _СНУМН, _ _NaBH;CN 
сњсоон “trace acid | 
О О О 
ND eee es ео 
ОН ОН 
1 мавн, 
2.H40* 
О 
ОН О 
ОН 
Н— С! 
б:— У *OH OH OH 
CH; < CH; 
HCI CH3 CH3 
— + — 
CH; CH; ~ 
+cr H^ CH; 
CH, В + HB* 
"v 
ü:— c*OH OH OH 
на! 
—M XN —— 
H 5 
a * СН» CH; 
H3C СН» НС СН» + СГ 
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86. a. The OH group on C-5 of glucose reacts with the aldehyde group in an intramolecular reaction, forming 
a cyclic hemiacetal. Because the reaction creates a new asymmetric center, two cyclic hemiacetals are 
formed, one with the R configuration at the new asymmetric center and one with the S configuration. 


HOCH; 
О 
Hc == ОН -——— new asymmetric center 
H—4+—OH A HO | OH 
| 2 
HO——H | и 
Н OH 
OH 
6CH,OH 9 
OH 
HO 
OH 


b. The two products сап be drawn in their chair conformations by putting the largest group (CH,OH) in 
the equatorial position and then putting the other groups in axial or equatorial positions depending on 
whether they are cis or trans to one another. For example, the OH attached to the carbon that is next to 
the carbon attached to the СЊОН group is trans to the СН,ОН group. The hemiacetal on the left has 
all but one of its OH groups in the equatorial position, whereas the hemiacetal on the right has all of its 
OH groups in the equatorial position. Because a compound can avoid unfavorable 1,3-diaxial interac- 
tions by having its substituents in equatorial positions, the hemiacetal on the right is more stable. 


CH,OH CH,OH 
HO HO 
О О 
НО НО 
OH ~ OH ~ 
OH 


less stable more stable 


hemiacetal hemiacetal 


87. The alkyl bromide is 1-bromo-2-phenylethane. The molecular formula of the product of the Wittig reaction 
indicates that the ketone that reacts with the phosphonium ylide has three carbons (that is, the ketone is acetone). 


+ 
(. у-ссња P(C6Hs); {_Уу—сисьйснь 
CH Ж; ч z 
з(СН>) М (у сњанконо 


{_у—сшмн- CCH; 


CH; 
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+ 
Н O 
| < TH ee Он HL) Cis 
FN JN СНз —CH | CH4CH C 
CH; ^H сн ^H | :0 pol | | 
3 3 +O ce О Oo 
~ 
" ИСН 
| bot ЈЕ 
‚С. СН» 
CH; ^H | 


H 
О 2:07 “о 
нв“ + PW 
Сн ^O^ "CH CH; ^O^ “ен, 


в ОХЕ:  (CeHj&4P—CHCH,CH,CH, ог 
{_Уу—секснь + О==СНСН»СН»СН» 


О P(CgH5); 


+ (СеН5)зР — CHCH;CH5 or + O= CHCH;CH3 


d (Ул + смес ( y 
d. ( У + (CgH3j4P—CH, ог {ном + О=<Њ 


The first step is conjugate addition of ап organocuprate, and the second step is direct addition of a Grignard 
reagent. 


о | о 
I єн, | CH, OH 
сн,с=сн^ “н CHE Оса. ин сну “н 109887. Сн, = CHCCH,CHCH; 
| ТНЕ | 2. H,0* | 
СН. СН» CH3 
A B 
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ai 36) сн, iN 
я (NS 


+ CH,—NEN 


92. The compound that gives the 'H NMR spectrum is 2-phenyl-2-butanol. 
OH 
=“ 
сн, 


Therefore, the compound that reacts with methylmagnesium bromide is 1-phenyl-1-propanone. 


О OH 
|| 1. CH3MgBr | в 
CCH,CH; -a н , 
СН» 
93 CH4CHCH ae CHS SICH CHACHCH ги meS L СН.СНСН k 
ч a. 3 2 3 imidazole 3 2 3 она ie 2 ПН 3 
ОН OSi(CH3)3 
b. с Cl MgCl 
(СНА СНС 
imidazole or 
OH OSi(CH3)3 OSi(CH3)3 


|с. 


СООН СОО" 
а, 
72. (CHCH;CH;CHjNF 

OH OSi(CH3)3 


| "a (1 


O 
c N 
CH3 на CH, LLi 
HOCH;CH;OH 2. CuLi 
О 
3.217 
Вг Вг CH9CH20 
HCI | Н2О 
O 
| 
“сн, 
СН›СН2ОН 
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Вг, 1. m NaOCl — 
ћу 2. HCl, HO CH,COOH 
0°C 


1. CH3CH,MgBr 


2. HCl 
OH 
Кочу, 


a. This carboxyl group is more acidic, because its conjugate base is more stable since it is closest to the 
electron-withdrawing keto group. (Recall that the more stable the base, the stronger its conjugate acid.) 


O O 


O 


b. The data show that the amount of hydrate decreases with increasing pH until about pH = 6 and that 
increasing the pH beyond 6 has no effect on the amount of hydrate. 


A hydrate is stabilized by electron-withdrawing groups. A COOH group is electron withdrawing, but 
а COO group is less so. In acidic solutions, where both carboxylic acid groups are in their acidic 
(COOH) forms, the compound is essentially all hydrate. As the pH of the solution increases and the 
COOH groups become СОО groups, the amount of hydrate decreases. Above pH = 6, where both 
carboxyl groups are fully in their basic (COO ) forms, there is no change in the amount of hydrate. 


О O HO OHO 
HO HO 
у он + но = ys 
O O 
oxaloacetic acid hydrate 
O 
= C zs 
О О O O 
2 > вн | 
R R ——>» R R' 
ч aN [Ж ае 
Lon’ NN N/ Уу: IZA | Си NN 
:М“ NN: —/ 
Nen 
О ОН О од X EN 
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97. a. The negative р value obtained when hydrolysis is carried ош in a basic solution indicates that electron- 
donating substituents increase the rate of the reaction. This means that the rate-determining step must 
be protonation of the carbon (the first step), because the more electron donating the substituent is, the 
greater the partial negative charge on the carbon is and the easier it will be to protonate. 


Q © 2 


№ rate-determining N NS 
C= CHCH; step C— CHCH; C— CH;CH3 
G он 
> H OH HO 
X X 


b. The positive p value obtained when hydrolysis is carried out in an acidic solution indicates that 
electron-withdrawing substituents increase the rate of the reaction. This means that the rate-determining 
step must be nucleophilic addition of water to the iminium carbon to form the tetrahedral intermediate 
(the second step), because electron withdrawal increases the electrophilicity of the iminium carbon, 
making it more susceptible to nucleophilic addition. 


О 5 E 
Ж ? = 
. : М Q rate-determining NC 
C—CH,CH; Step C— CHCH} 
+ 
+ ОН 3 :OH 
M H,O: 


М 
M Gi 


Х 
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Notice that in the mechanism in part a, there is an equilibrium between a protonated intermediate, а пеџ- 
tral intermediate, and a second protonated intermediate, just as we saw in many previous acid-catalyzed 
mechanisms in this chapter and in Chapter 15. 


ce но (9 «Я 


| 
| 


НО T OH HO | ОН НО С.Ө 
*Q7j Hc H 
HB* :В 
..– H-B* 
о · CO ry, Or У 
~ кун ` SCH;CH; 
b. CH;CH,SH 
——— SCH,CH, == 
О hos OH OH 
v 
OH :В 
` | , SCH;CH4 
OH 
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Chapter 16 Practice Test 


1. What is the product of the following reactions? 
| trace 
= (усана + МЊОН —“4 
О 
(гасе 
E id 
b. i aci 
N 
H 
с. С О» 1. CH3;CH2CH2MegBr 
2. HCl, H,O 
O 
d. 
+ CH,cHoH 2. 
excess 
|| 1. CH3MgB 
e. CH,CH,CCH,CH, ——À—— 
2. HCl 
О 
3 3 Раю 
excess 
| -с==м 
8. СЫЗСН›ССН›СНз —=< 
О 


| 
В. CH4CH—CHCCH, + CH,SH —— 


О 
я || 1. 2 CHCH;CH;MgBr 
к СОСН»СН» Яр. Т 
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Which of the following alcohols cannot be prepared by the reaction of an ester with excess Grignard 
reagent? 


OH oe || 
СЊСЊССЊСЊСН» сњеснсн, єн 


CH3 CH; СН» 
Мате the following: 
О О О 
а. odes b. yos с. NH) 
OH O 
О H 


Give an example of each the following: 
а. an enamine 
b. an acetal 


an imine 


p 


d. ahemiacetal . 


e 
$ 


а phenylhydrazone 


Which is more reactive toward nucleophilic addition? 
a. butanal or methyl propyl ketone 


b. 2-heptanone or 2-pentanone 


Indicate how the following compounds can be prepared using the given starting material: 


О 


О== 


а. СЊСЊСЊВг EA IN 
CH4CH;CH; `OCH,CH; 


о CH; 
b. C CH4CCH; 
сн OCH; 
OH 
с. CO, CH4CH50H 
Zn 
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Reactions at the a-Carbon 


Important Terms 
acetoacetic ester synthesis 


aldol addition 


aldol condensation 
annulation reaction 
a-carbon 

carbon acid 


Claisen condensation 


condensation reaction 


crossed aldol addition 


crossed Claisen 
condensation 


decarboxylation 
Dieckmann condensation 
B-diketone 


Е1сВ 


enolization 
gluconeogenesis 
glycolysis 
haloform reaction 


Hell—Volhard—Zelinski 
(HVZ) reaction 


synthesis of a methyl ketone using ethyl acetoacetate as the starting material. 


a reaction between two molecules of an aldehyde (or two molecules of a ketone) 
that connects the a-carbon of one with the carbonyl carbon of the other. 


an aldol addition followed by elimination of water. 

a ring-forming reaction. 

a carbon adjacent to a carbonyl carbon. 

a compound that contains a carbon bonded to a relatively acidic hydrogen. 


a reaction between two molecules of an ester that connects the a-carbon of one 
with the carbonyl carbon of the other and eliminates an alkoxide ion. 


a reaction combining two molecules while removing a small molecule (usually 
water or an alcohol). 


an aldol addition using two different aldehydes or ketones. 


a Claisen condensation using two different esters. 


loss of carbon dioxide. 
an intramolecular Claisen condensation. 
a ketone with a second ketone carbonyl group at the -position. 


a two-step elimination reaction that proceeds via a delocalized carbanion 
intermediate. 


keto—enol interconversion. 
the synthesis of D-glucose from pyruvate. 
the breakdown of D-glucose into two molecules of pyruvate. 


the conversion of a methyl ketone to a carboxylic acid and haloform using Cl, 
(or Вг, ог I,) and HO . 


the conversion of a carboxylic acid into an a-bromocarboxylic acid using 
PBr3 + Вг». 


556 
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a-hydrogen a hydrogen bonded to the carbon adjacent to a carbonyl carbon. 


keto—enol tautomerism interconversion of keto and enol tautomers. 
(keto—enol interconversion) 


B-keto ester an ester with a ketone carbonyl group at the B-position. 


Kolbe-Schmidt a reaction of a phenolate ion with carbon dioxide under pressure. 
carboxylation reaction 


malonic ester synthesis synthesis of a carboxylic acid using diethyl malonate as the starting material. 

Michael reaction the addition of an a-carbanion to the 8-сагбоп of an а, B-unsaturated carbonyl 
compound. 

Robinson annulation a Michael reaction followed by an intramolecular aldol condensation. 

a-substitution reaction a reaction that puts a substituent on an a-carbon in place of an a-hydrogen. 

tautomers constitutional isomers that are in rapid equilibrium (for example, keto and enol 
tautomers). The keto and enol tautomers differ only in the location of a double 
bond and a hydrogen. 
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Solutions to Problems 


1. The electrons left behind when a base removes a proton from propene are delocalized over three carbons. 
In contrast, the electrons left behind when a base removes a proton from an alkane are localized—they 
belong to a single carbon. Electron delocalization stabilizes the base, and the more stable the base, the 
stronger its conjugate acid. Therefore, propene is a stronger acid than an alkane. 


В: + CHQ—CHCH, === CH,=CHCH, CH,CH=CH, 


+ HB 


В: + CH;CH,CH; === CH,CH,CH; + HB 


Propene, however, is not as acidic as the carbon acids in Table 17.1, because the electrons left behind when 
a base removes a proton from these carbon acids are delocalized onto an oxygen or a nitrogen, which are 
more electronegative than carbon and, therefore, are better able to accommodate the electrons. 


:Ó :0 :бг 
|| » | 


В: + RCH,—C—R RCH4C-—R RCH—C-R 
=) 
+ НВ 
О О О О О 
. ] |] || 
° и 
R^ \CH,C=N во” “н/ “ов в” “сн: ^g 
a B-keto nitrile а B-diester a B-keto aldehyde 
3. A proton cannot be removed from the a-carbon of N-methylethanamide or ethanamide because these 


compounds have a hydrogen bonded to the nitrogen and this hydrogen is more acidic than the one attached 
to the a-carbon. Therefore, a base will remove the hydrogen attached to the nitrogen. In the case of 
N,N-dimethylethanamide, there is no N—H proton, so a proton can be removed from the a-carbon. 


O О О 
LC AC о. 
CH; М. РА “М ТЫ 


МНСН» CH3 Н, СНз Ad 
СН» 
N-methylethanamide ethanamide N,N-dimethylethanamide 


The following resonance contributors show why the hydrogen attached to the nitrogen is more acidic (the 
nitrogen has a partial positive charge) than the hydrogen attached to the a-carbon. 


< је 
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Electron delocalization of the lone pair on nitrogen or oxygen competes with electron delocalization of the 
electrons left behind on the a-carbon when it loses a proton. The lone pair on nitrogen is more delocalized 
than the lone pair on oxygen, because nitrogen is better able to accommodate a positive charge since it is 
less electronegative than oxygen. Therefore, the amide competes better with the carbanion for electron 
delocalization, so the a-hydrogen is less acidic. 


О o- О o- 
da 4 ро ea 
РА No’ SM SN + 
CH; сн; MB CH; “ӧсн, CH; “OCH; 
СН» CH; 
| 
а С > НСЕСН > сњ=сњ > CHCH; 
СН» Н 
О О О О О О 
I E. Ej р ОНУ. 
e > > > 
сњ “сн “сн, сње CHS “осн, сно“ “сну осњ CHy CH; 
О О 
ш О МСН» 
> > 


Problem 4 explains why 
the ester is more acidic 
than the amide. 


The ketone is a stronger acid than the ester or the N-alkylated amide, because there is no competition for 
delocalization of the electrons that are left behind when the a-hydrogen is removed. 


Both the keto and enol tautomers of 2,4-pentanedione can form hydrogen bonds with water. Neither the 
keto nor the enol tautomer can form hydrogen bonds with hexane, but the enol tautomer can form an 
intramolecular hydrogen bond, which stabilizes it. Therefore, the enol tautomer is more stable relative to the 
keto tautomer in hexane than in water and, therefore, more of the enol tautomer is present in hexane than 
ш water. | 


„Н 
О О O ^O 
aU Se ee m M 
keto tautomer enol tautomer 


2,4-pentanedione 
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OH OH 
OH 
a. a oe d. A and " 
О О 


more stable, 
because the double bonds 
OH are conjugated 


“ OH O OH O 


" о 


more stable, 
because the double bonds 


are conjugated 
OH 


с. f. “ 2 
OH OH 


more stable, 

because the double bond 
is conjugated with the 
benzene ring 


The methyl hydrogens can be removed by а base (ОР) and then are reprotonated by D4O. The aldehyde 
hydrogen cannot be removed by a base because the electrons left behind if it were to be removed cannot be 
delocalized. 


|| 
С 
сн; “н 


Nx The aldehyde hydrogen is not acidic. 

In an acidic or basic solution, the aldehyde is in equilibrium with its enol. When the ketone enolizes, the 
asymmetric center is lost. When the enol reforms the ketone, the proton can add to the sp? carbon from 
above or below the plane of the double bond defined by the sp? carbons. As a result, equal amounts of 
the R and S ketones are formed. 


СН»СН»СН» јео а 
+ — 
Н *С. Н ог НО Н H. *CHCH 
Na NH \ ЖА Нин 
CH, С СН, С 
| | 
O H O 
(R)-2-methylpentanal Rand 5 
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10. А Br—Br bond is weaker and easier to break than а С1—С1 bond, which in turn is weaker and easier to 
break than a D—O bond. Because the experimentally determined rates of bromination, chlorination, and 
deuterium exchange are about the same, you know that breaking the Br—Br, С1—С1, or D—O bond, 
which occur at different rates, takes place after the rate-determining step. Therefore, the rate-determining 
step must be removal of the proton from the a-carbon of the ketone. 


rate-determining step rate of this step varies 


О *OH ОН +OH 
| SI | = | | 
С С 


С, + BO === = С = 
A ZN Хх 
RCHY NR RCH’) “в ROHR any RCH `В 
| vu | 
Н Вг 
H,6: + H3O* |X—Y=Br—Br | + X or OD 
Cl —CI 
D — OD 
H20 
О 
| 
И 
H4O* + Roi R 
Br 
| | | 
11. а. С РЕВ С асин. С + Ht 
CHCH “о- 260 CH;CH~ o- сын ^o 
Br SCH; 
|| | | 
b. С 1. PBr3, Вг, С (CH3),CuLi С 
сну о 260 сн,“ ^O CH;CH,~ ~O- 


О 
р р 
12. ix 
Do D D 


13. Alkylation of an alpha carbon is ап Sy2 reaction. 512 reactions work best with primary alkyl halides 
because a primary alkyl halide has less steric hindrance than a secondary alkyl halide. Sy2 reactions do 
not work at all with tertiary alkyl halides because they аге the most sterically hindered of the alkyl halides. 
Therefore, in the case of tertiary alkyl halides, the 5,2 reaction cannot compete with the E2 elimination 
reaction. 
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О 


О 
"s - P Nc Pw У. 
2. ICH9CH = CH, Z 
О 
b. c У 1. LDA/THF 
2. C 2- CHBr 


15. The compound formed in 14a has no stereoisomers. 
The compound formed in 14b has a new asymmetric center, so both the R and S stereoisomers are obtained. 


O O 


16. a. 


O 
b. |. LDA/THF 
a 287 
O 


О 
1. LDA/THF 
2. Cr Br 
| ) | + | Bro 
O N N 
tr СЊСЊСНз 
17. а. ў : F des CH4CH;CH;Br di 
N 
H 
НСІ ЊО 
О 
CH;CH;CH; 
Н 
М 
Z N 
H H Br^ 
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\ / \ СГ 
О N N | 
b trace CCH,CH3 
i | | acid аа 
М 
Н 
ta 
О О 
ССН»СН» 
ш 
ж 
М 
Z N СГ 
H H 
О О 
18 | b | 
. а. Ф 
oN М 
CH3;CHCH, NH, CH;CH,CHCH, OCH3 
CH3CH2, УСН} „ОСН: СНз, ,CHON 
C C C 
|| || || 
О О О 
О О О 
19. a pue 
HO^ 
О О О 
» ¢ 0. acne: 
ЎА 3 2 
О E p О N О О О 
aA 
с. на! : 
trace Ll H20 
x | ОН 
20. а. | Je b. ЈЕ: Ро с. 
CH,CH,CH,CH,CHCH” CH4CH;— C—CH CHCH, 
CH,CH,CH, CH3CH2 СН; 
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| | 

H 
21. а pox №, ЈЕ с. QU d. p 

CH,CH,CH; `H CH; “сн, | CH,CH; 

22. OH 

Н2$0, +H 

A 20 

О О 
aldol addition aldol condensation 


A bond has formed between the a-carbon of one 
molecule and the carbony] carbon of another. 


23. Solved in the text. 


| | | 

24. LDA/THF С CH3CH2Br 

Pd a РА / x 
CH; ‘CH; CH; ‘CH; CH;CH,CH; “СН; 

pu О ОН 

Eee 

25, айа . .addslowy __ 
2H H,O 


1. 
О О 


b. PS + HO add slowly 
H H 2. ЊО о ~ 


О 
Н 
„Д за. pu =e ет 
2но H 


C 
d. N lowl 2 
СУ Н + HO "X + НО 
2. ЊО 
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26. 


27. 


28. 


29. 
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СєН5 СН; СН; ОН 
О О О О 
осоо. 
CH,CH,CH/ ‘cH’ “осн, CH,CHCH/ “сн” “осн,сн, 
CH,CH; CH; CHCH, 
CH; 


A, B, and D cannot undergo a Claisen condensation. 
A cannot, because a proton cannot be removed from an sp? carbon. 
B and D cannot, because they do not have an а-ћудгореп. 
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30. 


31. 


32. 


Chapter 17 
O O O O 
i д 
а. , 
сн,сн,о“ “ен” “осн,сн, H/ “ен” “осн; 
СН» CH,CH, 


a. Only one carbonyl compound has a-hydrogens, so the one with a-hydrogens is added slowly to a 
basic solution of the one without a-hydrogens. 


С y О 
| | С C 
= dd slowl 
С РАСНОЈ aem Naw X 
CH OCH 
сњо“ \ OCH; 2 HCI Cy 2 3 


b. Both carbonyl compounds have a-hydrogens, so LDA is used to form the enolate, and the other 
carbonyl compound is added slowly. 


С LDA ба а dd slow! С С 
ч Lu. ч = ЗУ. И N 
СТ СНз тнр CY СН ha СТ CH; CH3 


c. Only one carbonyl compound has a-hydrogens, so the one with a-hydrogens is added slowly to а 
basic solution of the one without a-hydrogens. 


О 
| 
CH; О О 
| i Го 
= dd slowly М. им 
С co ЕУ 22, CH H 
u^ N OCH; 2. НС! CY 2 
O 
< 
SSeS 
O ОСН. 
a 1,7-diester 
OH 
a. b. 
СН» 
CCH; 
|| 
О 
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34. No, because an intramolecular reaction would lead to a strained four-membered ring. Therefore, an 


intermolecular reaction is preferred; the reaction invloves removal of a proton from the more acidic 
central carbon. 


O O 
i 1 o 
/ / 
сн; Хон “сн, е so 
| CH; 


intramolecular product 
| pod | 
С С С С С үн 


сн{ “сн” “сн, сн “сн/ ‘cH, сна ‘CH,—C—CH, 


intermolecular product 


OH HO OH ССН; 
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37. 


38. 


Chapter 17 
O O 
trosyntheti 
LI m 
> 5 H 
277" 
o^ “осн; 9  "ocH 
synthesis 
| (ШИ | 
HO^ 
C С ———— 
Ze d IN СМ А 
сн,=сн СН» СН.О СН, Н 
О OCH; 
O 
| | 
D . 8 / ~ 
b. бк и Z CH OCH; 
OCH; РЕ | 
CH 
О | О || 
O 
CH; CH; 
synthesis 
| 1 n | 
НО“ 
С С С 
rN У УУ А \ 
CH,—CH CHCH; СНО СН, Н ОСН; 
О 
СН» 
О 
с. 
oe Z HC.. 
ттк = == 
O O 
CH; 
O O O 
| H3C ә 
PES | но- 
CH=CH, CH,CH, + =“ 
О О 
CH; 


A and D are f-keto acids, so they can be decarboxylated on heating. 
B cannot be decarboxylated because it does not have a carboxyl group. 
The electrons left behind if C were decarboxylated cannot be delocalized onto an oxygen. 
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39. 


40. 


41. 


42. 


43. 


methyl bromide c. benzyl bromide 
methyl bromide (twice) d. isobutyl bromide 


р 


ор 


page 432 of the text.) 


a. ethyl bromide b. pentyl bromide c. benzyl bromide 


Solved in the text. 


Chapter 17 


An Sy2 reaction cannot be done on bromobenzene. (See page 436 of the text.) 
An 512 reaction cannot be done on vinyl bromide. (See page 436 of the text.) 
с. Ап $2 reaction cannot be done on a tertiary alkyl halide. (Only elimination occurs; see Table 9.7 on 


" Вг 


а. С о ER" 
CY “сн, CY pom. сњоњ Ls n^ СН»СН»СН» 
trace 
acid 


HCI| H,0 


“ен,сн,снз 
Же 
C N 
CY CH,  LDA/THF ^y^ ae снзбн, А. o CH;CH;CH; 


о 


ог 


О О О 


b. | | CH307 1. СНзО- 
CH40^ Nen “осн, 2. CH,CH;Br 
Сосњ 


О 
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HCl 
Но 


CY + CO, 
CHCH; 


A 
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Í | | 
О OH 
T pes ME E 
es CH; “н CHCH/ ^g CH=CH’ “н 
c. — add slowly 
CY н + HO м CY -CY + НО 
naoc) | CHCOOH q 
C 
put “он 
О О О О О 
a м. AA сю с 
CH,O  "cHj ‘осн, *9"799" omo “cH” "ocg, CR e 
CH,(CH,)3Br T : 
О 
НСІ 
H;O 
(6 
| 
CL 
2CH,OH + CO, + OH 


44, Because the catalyst is a hydroxide ion rather than an enzyme, four stereoisomers will be formed since two 
asymmetric centers are created in the product. 


CHPO; сњоРО; 
CH;OPO;- CH;OPO;. ic ro 
с=о бао < __ ME нн. *CHOH 
H2C—OH ^ H-C-OH ^ сн но" SCHON 
H on нон HoH 
HOY CH,OPO; CH,OPO, CHOP} 


45. Seven moles. The first two carbons in the fatty acid come from acetyl CoA. 
Each subsequent two-carbon piece comes from malonyl CoA. 
Because this amounts to 14 carbons for the synthesis of the 16-carbon fatty acid, seven moles of malonyl 
CoA are required. 


Copyright © 2017 Pearson Education, Inc. 


46. 


47. 
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a. Three deuteriums would be incorporated into palmitic acid, because only one CD4COSR is used in the 
synthesis. 

b. Seven deuteriums would be incorporated into palmitic acid, because seven OOCCD;COSR are used 
in the synthesis (for a total of 14 Ds), and each 'OOCCD;COSR loses one deuterium in the dehydra- 
tion step (14 Ds — 7 Ds = 7 05). 


It tells you that an imine is formed as an intermediate. Because an imine is formed, the only source of 
oxygen for acetone formation is HJ*O. 


у N 
Gin 
pr | 
С 
и > \ / 
CH; “сн; `0: сна сн, " CH; СН; 
HO H}80 
+ CO, H 
80 
i + И 
RNH;, + 
CHÍ “ен, 


If decarboxylation occurred without imine formation, most of the acetone would contain 160. There 
would be some !*O incorporated into acetone because acetone would react with Н!80 and form a hydrate. 
The !80 would become incorporated into acetone when the hydrate reforms acetone. 


О О :0: О 
dai 3 | 
УЧ УЧ eK c 
CH; сн; Ü: сн; (ен, Q сн “ен, 
Н 1 в 
| н О 
+ CO; H 
"9 ОН 
| 
HO + VR сњ e 0s 
сн; “сн, вон 
О О О О О 
|| || || || || 
а „© „© с“ С. „© е. PEN 
CH; “сн;  'OCH,CH R “сн; СОК CH,CH,CH,CH; `OH 
2 3 2 3 2 2 2 
Ө Ө ОН 
ђ С С а 
/ 
HO Neu” Хон 
СН» 
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49. 


50. 


Ф 


51. 


52. 


53. 


Chapter 17 
| | | | О 
| 
а. ы. С С А 
OCH;CH; INS их į PES 
CH; CH, ‘CH; сино; OH 
CH; 
О О О О О 
b | d. CH;CH : f | | 
Ф Ф С С 
и \ 3 2 N 
а ОН ОСН›СН» CY “н “осн,сн, 
Вг 


О О О О О 
> > > Š 
О 5070 
1 2 3 4 5 


The electron-withdrawing nitro group causes the signal to occur at a higher frequency (has a greater 
chemical shift). The more acidic the a-hydrogen, the greater the chemical shift. 


CH;NO, СН,(№О,), CH(NO,); 
5 4.33 5 6.10 87.52 


Compound C loses CO, at the lowest temperature because it is a В-Кею acid. Therefore, the electrons left 
behind when CO, is removed can be delocalized onto oxygen. 


H хом 20 


óa С 


СН›СН=СН, нс он 9 
О 
а i c ССН» 
О О 
| 
b. H3C 4. 
? О COCH,CH3 
O 
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54. When the ketone enolizes, the asymmetric center is lost. When the enol reforms Ше ketone, an asymmetric 
center is created; the R and S enantiomers can be formed equally easily, so a racemic mixture is obtained. 


Ta нен CH2CH3 
* 
C. C CHCH; 
^ VH С a ee (s 
| © | | 


О ОН О 
(R)-2-methyl-1- 
phenyl-1-butanone 


You need a ketone with an a-carbon that is an asymmetric center. Racemization occurs when ап 
a-hydrogen is removed from the asymmetric center. 


O 
|| 
/ МЕ 
CH=CH о 


СН; 


55. At 0 °C, enolate ion formation is reversible, so the major product of the reaction is the thermodynamic 
enolate—the one obtained by removing a proton from the more substituted a-carbon. Therefore, the 
deuterium will substitute for a hydrogen attached to the more substituted a-carbon. 


О О O7 О 
LDA/T 2 
НЕ 56 D;O D 


thermodynamic enolate 


At —78 °C, enolate ion formation is irreversible, so the major product of the reaction is the kinetic enolate— 
the one obtained by removing a proton from the less substituted a-carbon. Therefore, the deuterium will 
substitute for a hydrogen attached to the less substituted a-carbon. 


О О O^ О 
LDA/THF = № рО 
р 


kinetic enolate 


Copyright © 2017 Pearson Education, Inc. 


574 Chapter 17 


56. Two aldol additions occur. The initially formed addition product loses water immediately because the new 
double bonds are particularly stable (and therefore easy to form) since each is conjugated with a benzene ring. 


OH O OH O 


C 
| 
Q 
_) 


+ 2Њ0 
EN *OH :ÓH 
| Wir С C 
57. CH;CH,CH = сњен у CH ——- CH,CH=cH 
H 
HB* t 
Вх] eu 
CH4CH,CH 
HB* . 
on о OH d Н № 
CH;CH,CHCHCH — CH;CH,CHCHCH 
CH; CH; 


58. The haloform reaction requires that a group be created that is a weaker base than hydroxide ion so that 
hydroxide ion is not the group eliminated from the tetrahedral intermediate. For an alkyl group to be the 
weaker base, the a-carbon must be bonded to three halogen atoms. The only alkyl group that can become 
bonded to three halogen atoms at the a-carbon is a methyl group (because it is bonded to three hydrogens). 


| e f^ О О 
EN Но R— СВ» — | + CBr —— I + HCBr3 
/ oN 
R CBr; OH R “он R om 
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1 1 | | | 
E OH 
59. C C НСІ, H20 C HO | C HCl С 
сн/ сну “осн ^ сну “сњ № сњссну Ncw, ^ CH,C—CH/ "CH, 
Е В CH; CH; 
C5Hg0s C D 
1. CH30- 
2. CHBr 
О О О О О 
|| [| | но" | [| 
С УК НСІ, H20 TN excess pos SOCL; VN 
/ X ES E 
CH; ‘CH’ ‘OCH; ^ сн; ссњењ bk ссн; `O CH.CH; “Cl 
excess 
c E H I J 
1. СНЗО- CH4OH 
2. CH3Br 
О 
о о О || 
| | НСІ, НО | / с. 
cH’ N А / ES CH3CH; OCH; 
; С ‘OCH; CH; CHCH; i 
CH; “Сн, E 
1. CH307 
F G 2. HCl 
О О 
if 
CH,CHY Зен“ “осн; 
CH; 
L 
Q OH 
OH 
oO = LV LO 
О О 
61 i 1. LDA/THF i 1. NaBH. ЈЕ 
А . . 4 
“oN 2. CH.CH3Br А“ 2. HyO* MERE Qd 
CH;CH;  "CH,CH, CH4CH; “СНСН; 
CH,CH; 


CH,CH; 
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O O 
pu» 1. на“ 
62. о ‘ Br о “У 1. НО“ 
: ond No ND 
О О 
== о“ 
ОН 
H20, A 
О 
О О | 
OH C. 
63. QE CH;CH;CH; 
1. Бн н ЕН 
+ СНО“, 
1 Bro, H30* 
2. CH;CO} 


2. CH3CH2CH2COCH; 
add slowly О 


2. HCI, H20, А 
1. . 
О „ | 

2. HCI, H,O 
О à О 

| СН›СН›СН» 

их РАТНЕ _ 

СН2 CH3 72. CH3CH,CH,Br 
О add slowly 


1. CH;0COCH, 
+ CHjO- 1. LDA/THF 
2. НСІ, H20 2. BrCH, 
add slowly 


О | О 
e Рур“ ) 


Notice that the 8-substituted compounds are prepared via an a,B-unsaturated ketone, which can be 
prepared by dehydration of a-hydroxycyclohexanone. 
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64. Remember that there are no positively charged organic reactants, intermediates, or products in a basic 
solution and no negatively charged organic reactants, intermediates, or products in an acidic solution. 


+ 5 oe 
cos :OH 
b. Sis ДЇ М C oo ; 
SD. 2 a + H 30" 


Мон 
Cl. 
HOH 
| | 
О О О ОН 
C С 
с | | aN 
65 a CL „С VN снсњ О CH; 
CY Ce — CY 
О 
СН. Le 
E о OQ 
[d 
ү | сн=сн“ “0” ‘cH 
ae a : 
СН» О СН. + но 
о о О 
|] | 
YN EN УК О 
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| 
О О OH 
ў | | КО, Ng 
C,H 
с. М Z Na 27 
Cy H+ СО ‘CH “осун, ССНЮН_ CY | 
- ZN 
o” “осн; 
СНзСН20 
О О О 
i: | 
C 
PAD N P 
ОО СН ОСН; om “осн, 
С 
VIN 
O^ “осн; 
+ HO 
О О 
| i 
/ 
d. сн=< “осн; сн=сн“ “он 
CY JA енә. CY + CO, + 2CH4CH,OH 
o” “осн; 
О 
| 
О О их О О 
66. а || || o и [| || 
С LDA/THF С add slowly С С 
/ Grup E на ^C 
CH/ “сн; CH/ “сн, 219 сна “сні “сн, 
1 Tt 
b. С С „ОГ E UN CH 
н/ N Z N Claisen сна , 
CH; (CH2)3 OCH3 condensation (2 equiv.) СН» 
О О 
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1 | 1 n 
c C 1. СНзСН›07 С С 
СА 2 ии 
CH; CH;  OCH;CH ios. CH; “СН” ‘OCH,CH; 
| НСІ, Н2О 
[| 
CO, + “+ 
2 CH;CH,0OH 2s 
CH; “Сн, 
1 1 1 1 
а. С С СЊСЊО“ С 
A а. EX Ud b 
сњењо “сн “оснсн Сн E 
інс, њо 
1, LDA/THF 
COCHE Fils 2. CHCH;CH5Br + CO, + CH;CH;0H 
67. The Reformatsky reaction requires an organozinc reagent that is obtained by treating an a-bromo ester 
with zinc. 
| | [| 
а. С + С ко; ОН. s 
ИХ й N 2. ЊО и“ 
CH3;CH,CH, Н ВІСН; ОСН; CH;CH,CH,CHCH, “ОСН; 


о 
=O 
е 


Ь С + С 1. Zn OH С 
И И 1Ho КИ ON 
CH;CH, H н ОСН; CH;CH,CHCH ОСН; 
Вг CHCH; 
нано 
excess О 
оң: | 


| IS 
CH4CH;CHCH OH 
CH;CH5 
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| j | 
à ГА ЗА Jn = ii ES 
CH,CH; `H сни ocu, 720 CHsCH:CHCH OCH; 
Br СН» 
но 
на XS 
О О 
Ц HSO; OH Ц 
ZN А NT р 
CH4CH,CH—C OH ннн ОН 
CH3 СН» 
| | | 
4. С + C Ie үн С 
/ N Z N 2. HO И 
CH4CH;  "CH,CH, BrCH; ОСН; CH;CH,CCH;, “ОСН; 
CH;CH; 
68. Тһе ketone is 2-hexanone. Therefore, the alkyl halide is a propyl halide (propyl bromide, propyl chloride, 
or propyl iodide). 
O 
| 
сн \CH,CH,CH,CH; 


This part comes from acetoacetic ester. 


1. LDA/THF 


——————— 


2. CH3CH;CH;CH?Br 


О 
69. а. e 
О 
b. 1. @ 
О 
|| 
О 
| @ 


2. CHyCH,CH,CCI 
3. HCI, НО 


I 
|. LDA/THF = 
О 
| 


2. CHXCH;CH;CCI 
add slowly 


4j. 


О 
ea 


О О 


СН»СН»СН» 
О О 


СН»СН›СН» 
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О 1 
| dd slowl n 
с С + СЊСЊО“ &esowy 
SN 2. НС! 
CH4CH;0 `ОСН2СН: 
О 
1 1. 
d +  CH3CH,O-  . 3ddslowly 
Н” "OCH;CH, 2 H 


e. + CH;CH=CHCCH; 
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OCH,CH3 


О 
О 
= | EM MN mm. 
ар а НЯ 
О annulation 


Н, | Pd/C 


E 


70. The positive iodoform test indicates that compound B is a methyl ketone. The two singlets with a ratio of 
3:1 indicate that if the methyl group represents the “3”, there is only one other hydrogen in the compound 
or if the methyl group represent the “1”, there are nine other hydrogens. The former does not agree with the 
molecular formula. Therefore, the compound must have three identical methyl groups that are attached to a 


carbon that is not attached to a hydrogen. 


3,3-Dimethyl-1-butyne will show two singlets with a ratio of 9:1. When water is added, a methyl ketone 


with two singlets with a ratio of 3:1 is formed. 


CH; CH; O 
H5SO 
CH;C—C=CH ao: CH;C—C—CH; 
| HgSO, | 


CH3 
two singlets (9:1) 


СН» 
two singlets (3:1) 
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О О О 
| [ В [| | 
71. а. 1. CH;CH,0 С С 
и их > ВАСЊУВЕ м. N 
СО “CH, “осн; 28958 (cuo “сн” “осн; 
CH;CH;CH;CH;CH?Br 
Б 
О 
О \ 
[| C— OCH; 
C. 
OH „Ноно C— ОСН; 
2CH;CH,OH + CO, + А | 
О 
О О О О 
[| || Р [| [| 
р. С С он Да С С 


а S 
OH, ae "caf “осун, 2. Br(CH)sBr А N S 


CH;CH;CH;CH;CH3Br 
malonic ester 
| | CH3CH,07 
С С 
PRIN N 
СНО CH осн; C — OCH; 
НСІ, ЊО 
? А CH;CH;CH;CH;CH;CH V. 


| 
С С 
но“ “сн Хон 


+ 2CO, + 4 CH;CH,0H 


72. а. The first reaction is an intermolecular Claisen condensation. An intramolecular condensation reaction 
forms the final product. Notice that the most acidic hydrogen is the one removed for the intramolecular 
condensation. 

N TET 
AN ae ae ЖЕЗ О о Мо 
> О 
1 
ОО 
О О H 
О 
> о B:> 
O 
C О 
~O 
__ 0 
ОО 
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b. The reaction involves two successive aldol condensations. 


O 


О О 
Ц 
M 
H 
| СН 
| D || 


о Оно O +H,0 


с. The base removes a proton from the carbon that is flanked by two carbonyl groups; this is followed by 
an intramolecular Sy2 reaction. 


О О 


— + Вг 


9. А proton is removed from the a-carbon that is flanked by a carbonyl group and a nitrile; then ап intra- 


molecular Sy2 reaction occurs. 


A 
O 
LDA/THF Q _add slowly _ 
Е tautomerization 
how the reagents become connected 
K 
Я \, 
f^ 
j n 
O O O 
|| || exces || 
а. С 1. Во, РВгз С NH; С 
Пор оз. 4 
CH;CH/ Хон 240 сњен“ Хон сњен“ Хо" NH; 
Br "МН: 
alanine 
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О о о 
)— осн 
b мн EHO a 
tl 
2.CHyCH,OCCHCOCH,CH; \—ocH,cH, 
| О О 
Вг 
НСІ 
њо |4 
О 
СООН I 
YN 
et + CH; ‘OH + CO, + 2CH,CH,OH 
| 
glycine 
О OH O О 
NaOCl Чу a HO- HCI 
75. ды UE ON OH 0. "s В : N : 
0°C 
Ph [Raney Ni 
OH О НО О НО OH 
NaOCl pu HO- bam 1. NaBH, P 
b. CH;COOH H,O 2. H0* 
0?C | 
но, | А 
кара = 
Pd/C ~ Sus 
|| он О OH 
As A is Eee XT pus 
с. 7 Хон сњсоон H но н 260 es 
OH О 
P NaOCI 
CHCOOH 
0°C 
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A сап be prepared by adding the compound with a-hydrogens slowly to a basic solution of the compound 
without a-hydrogens, followed by dehydration. 


О 
| 
ZU | О 
| CH; “сн, | | 
С + HO __addslowly _ С 250, _ С 
ZEN НО = / N А — N 
H H OCH;CH; ‘CH; CH,—CH/ “н, 


Or A can be prepared by removing an a-hydrogen from acetone with LDA and then adding formaldehyde, 
followed by dehydration. 


| | | | | 
| VN LDA/THF J HCH 255 Н2504 I 
СН; "CH, CH; “сн; “OCH,CH, ‘CH; ^ CH—CH/ ‘CH; 


B can be prepared by removing an а-ћудгогеп from propionaldehyde with LDA and then slowly adding 
acetaldehyde, followed by dehydration. 


О О О О О 
| = ] || - | | 
С  LDWTHE. с сє, © с о, ll 
/ 4 
CH3CH; Nu сњен“ “н add slowly / N A if \ 


Е Н СНзСН = | H 


CH3 CH3 


C can be prepared by removing an a-hydrogen from 3-hexanone with LDA and then adding formaldehyde, 
followed by dehydration. The yield is poor because 3-hexanone is an asymmetrical ketone; therefore, two 
different a-carbanions are formed that lead to two different a,8-unsaturated ketones. 


O О O 
|| || | || 
LDA/THE C HCH es C 
~ i YN = SN 
CH3CH; CH;CH;CH3 CH3CH CH;CH;CH; | ЗА СН»СН»СН» 
| СН» 
LDA/THF 
Н,80; | А 
| 
С О 
“oN | 
CH3CH; CHCH;CH5 C 
g ZN 
| CH,— T CH»CH»CH;3 
HCH CH; 
| | 
С HS0, С 
Z/N i” Z/N 
СН»СН» СНСЊСНз CH3CH2 oe 
CHO CH; 
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D can be prepared by removing an a-hydrogen from acetaldehyde with LDA and then slowly adding 
acetone, followed by dehydration. 


| О | О О 
С LDA/THF | СНЗССН: | | Н2504 | 
~ Z HA 
CH; H CH; NH add slowly CH; | CH; Nu A CH;C=CH "A Nu 
т | 
СН» СН» 


Е сап be prepared via an intramolecular aldol condensation using 5-oxooctanal. 


О О O O О 
А e ME 
/ S S / CHCH; 
СН3СН›СН» “сн; “н CH3CH,CH “сн; “н 
o- 
Њ580, | A 
О 
CH>CH, 
F can be prepared via an intramolecular aldol condensation using 1,7-heptanedial. 
О О О О О 
ла Д | 
Их aX А и \ Ny 
H (CHCH; Н H (CH2),CH H 
o- NG о 
С 


A small amount of G can be formed ма an intramolecular aldol condensation using 7-oxooctanal, but this 
compound can form two different a-carbanions that can react with a carbonyl group to form a six-mem- 
bered ring. Because an aldehyde is more reactive than a ketone toward nucleophilic addition, the target 
molecule will be a minor product. 


О O 
| т У | 
Єл. EN 
ч [ [ Em 
CH3CCH;CH;CH;CH;CH;CH 
СН» 
minor product major product 
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77. At low temperatures (—78 °C), the proton will be more apt to be removed from the methyl group, because 


its hydrogens are the most accessible and are slightly more acidic (that is, the kinetically controlled 
product will be formed). 


O O O 
i | 
Wing ES ee 
Вг -78°C у „Вг 
ы 


At higher temperatures (0 °С), the proton will be more apt to be removed from the more substituted 
a-carbon because in that way, the more stable enolate is formed (the one with the more stable double 
bond). Therefore, the thermodynamically controlled product is formed. 


| | о CH; 


ог 
С 
CH; 
Br 
С „св Cs ‚ CH; ‚ сн, 
78 НСН НМ жыры ОСН. —М = НОСН» d 
CH; vs Bou СНз 
t `Z єн; СНз " 
HO-—CH,—N ——7 HOCHP—N. + HB 
H № CH 
СН» 3 
blithe CH; O CH; 
CHN CHN 
CH; === СН; 
+ НВ" 
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О 


О 
O 


79. | HO: | HÓ:5 C 
ZN " a о 
ла Ја рата CHCH; 
S H "d CH; CH; 
О H О | 
| эр. || ИДР Release of strain 
НО“ VEN РЕЗ Ө ha EN ganni CQ, OH in the three-membered 
ыша од LEE OH Jo ring causes a ring bond 
to be the most likely 
СН» СНз CES СНз pond to break. 
О О 
= Se 
LDA/THF ° aed У 
Ној он 


SeOH 


О-о-о 


81. The compound that gives the ЇН NMR spectrum is 4-phenyl-3-buten-2-one. The singlet at 2.3 ppm 
that integrates to 3 protons is the methyl group. Because the benzene ring protons that show signals 
between 7 and 8 ppm apparently integrate to 6 protons, we know that the signals include one of the vinylic 
protons of the double bond. The other vinyl proton is the doublet (6.7 ppm) that integrates to 1 proton. The 
compounds that would form this compound (via an aldol condensation) are benzaldehyde and acetone. 


О О О 
| [| HO- [| 
СН + сњссњ —= CH=CHCCH; + Н2О 


4-phenyl-3-buten-2-one 
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The middle carbonyl group is hydrated, because the hydrate is stabilized by the electron-withdrawing 
carbonyl groups on either side of it. 


O O 
O O 
|| _ trace acid | A, 
о + ит е М <a cL be 
R formation R 


О + HO О 
| |, 
н- О 
OH А, 
Гу N == СНЕ 
ОН 
+ СО» 
O O 
O 
N=CHR 
+ НО“ 
О 
22 9 hydrolysis њо 
НО: 
О P. О ч О 
Н О | 
N шеи МН, ó 
imine 
formation | 
О | О О + RCH 
О О 
О O 
<9 од ыз TR: 
| HOF | Ho; | 
Рт ru 
Q7" о 
Os 
el 
О 


| | 
H-O 
(conos А 5 вю ( Уе А bs 
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84. а. The mechanism starts with an isomerization that converts isolated double bonds to conjugated double 


bonds. 
О О c+OH 
н Cu ну H+ Сон 
P H > нб: Ч 
~ + | 

О ОН :ÓH 
tautomerization SES 
р + 

Но“ T 


b. The carbonyl group on the left is protonated because electron delocalization causes it to be more basic 


than the other carbonyl group. 


Е С | H,O: 
+ 
mo "E еф 
+ + 
:O HO HO 


ӧзу он 


X 
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85. The benzoin condensation requires the aldehyde hydrogen to be removed. This hydrogen cannot be 
removed unless the electrons left behind can be delocalized onto an electronegative atom. The nitrogen of 
the cyano group serves that purpose. Therefore, the reaction will not occur if hydroxide ion is used instead 
of cyanide ion because the electrons left behind if the hydrogen were to be removed cannot be delocalized. 


О (o N OH 
12 T | сњојн BD и 
С 


86. To arrive at the final product, three equivalents of malonyl thioester are needed. (See page 840 in the text.) 
Because only one acetate ion was used, only one carbon is labeled in the product. 


О о о о о о о Ho. CHN 
é aa A l У Е ЕЕК 
CH; * “SR Q^ ^v NSR CH, XV “~~ sr SR 
О О 


Њ,50, | А 


СН» 


О сњ О CH; О 
на! * tautomerization $ 
OH ти o SR 
HO OH HO OH Е О O 
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О О 
87. а. PRI ВН 
ME 78*C LDATIPNQC 
О" O О" О 
РБ = ои Ро ин 
At—78 °C, the kinetic enolate is formed At 0°C, the thermodynamic enolate is formed 
(the hydrogen is removed from the (the hydrogen 15 removed from the 
less substituted o-carbon). more substituted a-carbon). 
| CHI | Сну 


О О О О 
у и чың, OCH; 


| СНО /CH,OH СНО" /CH,OH 


О О 
О 
О о О со ro 
— SS, C 
b. OCH; "din еу OCH; 
H 
р | 
CH; О: | 
О 
о Под 
О 
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О МЕ " 
m | ~ H—B d: B | 
d SE и. 2 
88 снзс=с ОСН; сыс Със CH,c=cH—C 
== oe OCH; ~~ ed OCH; 
р N N 
инса * `сн,сОсн» Us снсосњ 
О 
:0: О | о 
— Ж A Z 2 
СОСН» CH;C=CH—CO CHC—CH—C. 
E / | Рем ОСН» | ОСН» 
3 СОСН NA N 
EE 6 CHCOCH; | Сснсосн; 
" О __н о 
cH: 
сосн CH; ~ сосн, СНУ ~ ооа 
^ О О 
О О 
89. О О о о TN: | | 
и | | | | е" 
С С CH3CH;0- C C CH4CCHCOCH;CH, CH; CH OCH3;CH; 
A Sess N “со ka о" 
CH; ‘CH; `оснусн; °° сн; с OCH;CH; CH; 
CH; CH, CH  OCH,CH; 
КУ UN LUZ 
C C 
[| || 
О О 
СЊСЊО“ 
<) 7 
CH, О О С С 
с_ me Mas сн} “ен” \OCH,CH; 
OCH;CH; H,SO, ОСН»СН» 
eum с сн; 
О О CH, сн OCH,CH; 
j СОСН»СН» Se^ “с^ 
H20 + СО» + СНзСН2ОН | T || 
O О О 
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О О О О 
| | | || | 
С „С І. CH;CH,0 „© С 
/ ВСВ 
90. CH;CH,O ‘CH; осњсн, 29 cg cgo ен” Хосн;сн, 
CH,CH, 
1. СНАСН;О- 
2. Бн НЕН 
CH; 
О СН» | | 
CH,CH,CHCH, | A „©, 
НМ CH,CH; HjNCNH; CH;CH,O С  'OCH;CH, 
PS A CH,CH; ‘CH,CH,CHCH, 
o^ ^N' “о | | 
Н CH, 
Notice that a diester is converted to a diamide. 

О О О О О О 
„Ао А м д E. 
| их / / 

сна ен” NOCH CH; CH; CH ‘OCH,CH; . CH; "cu NOCH;CH; 


H 
Д : $ | 
~ "У 
CH3CH,0: CH—O: 


CH;CH; 
О O 
| | 
N 
“ен, y CH3 
CH;CH,O- + = О: 
CHCH 07 ^O CH:CH; 0 /"ocH,cH, 
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Chapter17 Practice Test 


Rank the following compounds from most acidic to least acidic: 
О О О О О 
|o] (Т d 

сн{ “сн{ “осн, CHÍ `сн/ “ен, CHÍ “ен, 

Draw а structure for each of the following: 

a. the most stable enol tautomer of 2,4-pentanedione 


b. a B-keto ester 


Draw the product of the following reactions: 


О О 
E - 
а. 
Е N roo 
CHCH; CH, OH 


b. Br, HO 


CH,CH,CHY ^u 


О 
|| 


с. С 1. CHO" 
AUN 
CH4CH;CH; ‘OCH; 2-HC! 


О О О 


| || _ 
а. С + С С НО. 


N 
CH=CH СН» СН» СН» СН» 


= 
+ 
а 
~ 
E 


5. С С 1. CH3CH207 
CH3CH,0 СН» NOCH CH; 2. CH3;CH»CH»Br 
3. HCI, H,0, A 
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Give an example of each of the following: 
а. an aldol addition 
b. an aldol condensation 
с. aClaisen condensation 
a Dieckmann condensation 
e. amalonic ester synthesis 


f. anacetoacetic ester synthesis 
Draw the products of the following crossed aldol addition: 
О О 
| | 
CH,CHCH,CH/ b CH,CH,CHY/ “н Б" 
T 


What ester is required to prepare each B-ketoester? 


О 


О 
| || 


С С О 

а. CH;CH,CHY Xu “осн, b. СТ 

OCH; 
CH;CH; gta 
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Reactions of Benzene and Substituted Benzenes 


Important Terms 


activating substituent 


arenediazonium salt 


aromatic compound 


azo linkage 
benzyl group 


deactivating substituent 


donate electrons by 
resonance (resonance 
electron donation) 


electrophilic aromatic 
substitution reaction 


Friedel-Crafts acylation 


Friedel-Crafts alkylation 


Gatterman—-Koch reaction 


halogenation 


inductive electron 
withdrawal 


a substituent that increases the reactivity of an aromatic ring. Electron-donating 
substituents activate aromatic rings toward electrophilic attack, and electron- 
withdrawing substituents activate aromatic rings toward nucleophilic attack. 


+ 
ArN=N Х 


a cyclic and planar compound with an uninterrupted cloud of electrons containing 
an odd number of pairs of 7 electrons. 


a -N—N- bond. 


om 


a substituent that decreases the reactivity of an aromatic ring. Electron-withdrawing 
substituents deactivate aromatic rings toward electrophilic attack, and electron- 
donating substituents deactivate aromatic rings toward nucleophilic attack. 


donation of electrons through p orbital overlap with neighboring т bonds. 


a reaction in which an electrophile substitutes for a hydrogen of an aromatic ring. 
an electrophilic aromatic substitution reaction that puts an acyl group on an 
aromatic ring. 


an electrophilic aromatic substitution reaction that puts an alkyl group on an 
aromatic ring. 


a reaction that uses a high-pressure mixture of carbon monoxide and НСІ to form 
benzaldehyde. 


reaction with a halogen (Br», СІ», 15). 


withdrawal of electrons through a с bond. 


597 
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Meisenheimer complex 


meta director 
nitration 


nitrosamine 
(N-nitroso compound) 


nucleophilic aromatic 
substitution (S Аг) reaction 


ortho-para director 


phenyl group 
Sandmeyer reaction 
Schiemann reaction 
SnAr reaction 
sulfonation 

Suzuki reaction 
withdraw electrons by 
resonance (resonance 


electron withdrawal) 


Wolff—Kishner reduction 


a resonance-stabilized complex formed by addition of a nucleophile to a benzene 
ring. 


a substituent that directs an incoming substituent meta to an existing substituent. 
substitution of a nitro group (NO;) for a hydrogen of an aromatic ring. 


an amine with a nitroso (N=O) substituent bonded to its nitrogen atom. 
a reaction in which a nucleophile substitutes for a halo-substituent on a benzene ring. 


a substituent that directs an incoming substituent ortho and para to an existing 
substituent. 


О = 
the reaction of ап arenediazonium ion with а cuprous salt. 

the reaction of an arenediazonium ion with НВЕ,. 

a nucleophilic aromatic substitution reaction. 

substitution of a hydrogen of an aromatic ring with a sulfonic acid group (SO3H). 


a reaction that replaces the R group of a vinylic or aryl halide with an alkyl, alke- 
nyl, or aryl substituent. 


withdrawal of electrons through p orbital overlap with neighboring 7 bonds. 


a reaction that reduces the carbonyl group of a ketone to a methylene group using 
NHNH;/HO , A. 
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Solutions to Problems 


1. а. qH 3 b. CHOH с. лао. д. СН»Вг 
i СНСН»СН»СН»СН» Т CH; CY 


2. Ferric bromide activates Br; for nucleophilic attack by accepting a pair of electrons from it. Hydrated 
ferric bromide cannot do this because it has already accepted a pair of electrons from water. 


Br 
3. Solved in the text. 
О О 
ч и | m" |. | —— || 
R^ CU ^R | Св К" кода 
` acylium ion Р 
“AICI, 
5. A carbocation rearrangement occurs in b. and e. 
СН» 


СН›СН» coven Р үе, 
oy 5: oye Р re 


CHiCHCH,CH;CH; ден Нс 
=з == on 
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b. ү 


|| 
1. СЊСЊСЊСЊСС 


AICI 
2. H20 


or 
Br, 
FeBr, 
or 


a. Solved in the text. 


O 


or Вг, | FeBr, 


CH4CH;CI 
d 
AICI, 


CH— CH; 


product of b 


Br 
or | 
(CH3CH2)3N 


| 
ez CCH;CH;CH;CH; 
NH2NH;/HO /A 
or Нә, Pd/C 
ez CH;CH;CH;CH;CH; 


PdL, 


Br + CH3CH,CH,CH,CH,B(OR), но“ 


C yx + (CH3CH;CH;CH;CH5)»Culi —— {_Уу—сысиснснсн, 


{ )—©нснснснсн, 


А сү 
d. Cy 


| 
СЊСНз CHCH; 
Вљ 
ћу 
= 


Н,== CH; 
PdL, 


сү CH; 
or CH;CH5Br 
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а CH=CH, CH CHOH 
$ 1. R,BH/THF 
2. НО”, ЊО,, Н2О 
product of b 
NO; NH; 
HNO, H, 
HS0, Pd/C 


mh 
Ae 
о; 
E Ee 

а 

Ez 
= 
BIS 
о 

O 

o 

О 

Ha 


9. a. ortho-ethylphenol or 2-ethylphenol 
b. meta-bromochlorobenzene ог  1-bromo-3-chlorobenzene 
с. meta-bromobenzaldehyde ог 3-bromobenzaldehyde 
d. ortho-ethylmethylbenzene ог  1-ethyl-2-methylbenzene 
10. а. СН» с. МН» е. Cl 
Cl Cl 
N 
2 
b ОН а. с’ f CH 
I : 
Cl 


Br 
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11. a. OH b. O с. МН» 
Вг ОМ С 
СТ N H 
МО» Cl 


12. а. 1,3,5-tribromobenzene 
b. meta-nitrophenol or 3-nitrophenol 
с. para-bromomethylbenzene or 1-bromo-4-methylbenzene 
d. ortho-dichlorobenzene or 1,2-dichlorobenzene 
e. meta-bromomethylbenzene or 1-bromo-3-methylbenzene 
f. 2-ethyl-4-iodoaniline 


13. Solved in the text. 


14. When a halogen is attached to a benzene ring, it can donate electrons by resonance and withdraw electrons 
inductively. We saw in Problem 13 that fluorobenzene is more reactive than chlorobenzene because fluo- 
rine is better at donating electrons by resonance. A halogen attached to a methyl group can only withdraw 
electrons inductively. Because fluorine is more electronegative than chlorine, it is better at withdrawing 
electrons as well. Therefore, chloromethylbenzene is more reactive than fluoromethylbenzene. 


15. a. phenol > toluene > benzene > bromobenzene > nitrobenzene 
b. toluene > chloromethylbenzene > dichloromethylbenzene > difluoromethylbenzene 


H О: О H б: О: H 
ч 29 Е BND ~ 


c^ с“ 


i & De E 
O-Oí-90-9-0 


16. a. 


——— > M 
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18. 


19. 


| C 
Br 

b. Ф 
МО; 
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CH,CH,CH; CH)CH,CH; | 
SO3H 


с. С 


МО; 


д. 


о 
` 


МО» 
+ 
МО» МО» 
Вг 
МО» 
+ 
NO, 


NO» 


They are all meta directors: 


a. 


This group withdraws electrons by resonance from the ring. The relatively electronegative nitrogen 
atom causes it to also withdraw electrons inductively from the ring. 


CH-LÍCH - се 


NO, withdraws electrons inductively and withdraws electrons by resonance from the ring. 
СЊОН withdraws electrons inductively from the ring. 


COOH vwithdraws electrons inductively and withdraws electrons by resonance from the ring. 


Ore 
C—OH 


CF; withdraws electrons inductively from the ring. 


=O withdraws electrons inductively and withdraws electrons by resonance from the ring. 
You can draw resonance contributors for electron donation into the ring by resonance. However, the 
most stable resonance contributors are obtained by electron flow out of the benzene ring toward oxygen 
because oxygen is the most electronegative atom in the compound. 


(а (Уку 


resonance electron donation resonance electron withdrawal 
into the ring out of the ring 


Solved in the text. 
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20. For each compound, determine which benzene ring is more highly activated. The more highly activated 
ring is the one that undergoes electrophilic aromatic substitution. 


a. Because the left-hand ring is weakly activated and the right-hand ring is strongly activated, electro- 
philic aromatic substitution occurs on the right-hand ring. 


b. Because the left-hand ring is activated and the right-hand ring is deactivated, electrophilic aromatic 
substitution occurs on the left-hand ring. 


Br 
O O 
|| | 
CH; C СОСН» 


с. Because the right-hand ring is highly activated and а catalyst is employed, monobrominated, dibromi- 
nated, and tribrominated compounds can be obtained. However, because only one equivalent of Br, is 
available, there is not enough bromine to brominate all the reactive positions. Therefore, a mixture of 
unreacted starting material and the four products shown below will be obtained. 


d. Because the left-hand ring is highly activated and a catalyst is employed, both ortho positions can be 
brominated. Because not enough Br» is available to brominate both reactive positions, a mixture of 
unreacted starting material and the two products shown below will be obtained. 


Br 


Br 
О О 
Вг 


21. No reaction will occur in а and c, because a Friedel-Crafts reaction cannot be carried ош on a ring that 
possesses a meta director. 
а. по reaction с. no reaction 


3 CH3 
CH; 
+ 


3 


О 


H, ОН, 
b. Br d. 
+ 

Вг 
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22. а. Unlike m-dipropylbenzene that requires a coupling reaction to be used in its synthesis, a coupling 
reaction does not have to be used in the synthesis of p-dipropylbenzene. The propyl group is an ortho/ 
para director, so propylbenzene can undergo a Friedel-Crafts reaction. 


| 
|| CN CH;CH;CH; 
1. CH,CH;CCI/AICI, CHCH; н, СТ 
2. H,0 Pd/C , 
1. CH,CH,CCVAICI, 
2. H,0 


CH;CH;CH; CH;CH;CH; 
<2 
РИС CH3CH 2. 
С 


CH4CH;CH; i 


b. A coupling reaction can be used in the synthesis of p-dipropylbenzene. Notice that bromination occurs 
after the reduction of the carbonyl group. In contrast, bromination occurs before the reduction reaction 


in the synthesis of m-dipropylbenzene. 


| 
|| C. CH;CH;CH; 
1. CH,;CHCCVAICI, CH;CH; Н 
2. ЊО Pd/C 
Вг, | ЕеВг; 
CH,CH,CH, CH,CH,CH, 
CH4CH;CHj;B(OR) 
CH;CH,CH, Ра, NaOH Br 
or 
(CH,CH,CH, > Сша 


23. Notice that in all three syntheses, the Friedel-Crafts reaction has to be done first. Both NO, and ЗОЗН are 
meta directors, and a Friedel-Crafts reaction cannot be carried out if a meta director is on the ring. 


O O 
|| | | 
а. 1. CH;CCI/AICI, “сн, HNO; CH; 
_—_ —— 
2. Н2О H3SO, 


№) 
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=Q 


O 
| || 
с. С. 

1. CH3CH;CCI/AICI СН»СН» H5S0, CHCH; 
2. HO 


CH; COOH COOH 
CH,Cl H;CrO, HNO; 
AICI; A #2504 


МО; 
24. | О 
|| 
а. І. СНзСН2СС! CCH>CH; H,NNH, СН»СН»СН» СЊСЊСНз 
МС НО, А FeBr; 
2. H20 or Њу, Pd/C Brz 
Br 
COOH COOH 
b. CH3CI == HNO; 
АІС» HS0; 
МО» 
СН» СООН 
e CH;CI HNO; H,CrO, 
AICI; Н2$04 А 
NO; NO; 
Cl Cl 
d. HNO; Hp, РАЈС 
ey H2SO, 
МО» NH, 
МО» МН» 


H2, Pd/C 
= 
Cl Cl 
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27. 


28. 


29. 


30. 


31. 
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Yes, the advice is sound. 


The para isomer will form one product, because the formyl and ethyl groups both direct to the same 
positions and both positions result in the same product. 


The ortho isomer will form two products, because the formyl and ethyl groups both direct to the same 
positions but different products are obtained from each position. 


The meta isomer will form four products, because the formyl and ethyl groups direct to four different 
positions and a different product is obtained from each position. 


H н о н о 
V Z2 `2 ей 


C C 
CH;CH; N РА 
Z N HU N J. | CH;CH; 


CHCH; 


low yield 


Solved in the text. 


FeBr; will complex with the amino group, converting it into a meta director. The МН) group is a strongly 
activating substituent, so a Lewis acid is not needed. 


 FeBr; 


D Дин, 
CY + ‘вв o ——— Cy 


Because a diazonium ion is electron withdrawing, it deactivates the benzene ring toward electrophilic 
aromatic substitution. A deactivated benzene ring is too unreactive to undergo an electrophilic substitution 
reaction at the cold temperature necessary to keep the benzenediazonium ion from decomposing. 


+ gN СГ 


NO, NH, N 
HNO; H,, Pd/C NaNO, 
C) H;SO, CY HCI, 0°C CY 
СН» СООН СООН 
а. CH;CI Н.С, HNO; 
С) AICI; ^ CY H;SO, 


МО; 
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+ 
NO, N 5 
HNO; Br Cu,0 
> 
H2SO, Cu(NO3),, H,O 


NaNO, p 
FeBr;| Br; Br HCI, 0 °С НзО ‚А Вг 


МО; NH, 
H2 
Pd/C 
Br Br 


c. The first approach is longer, but it will generate a higher yield of the ortho isomer. 


NO, NH, N^ Cl 
HNO; Н. Pd/C МаМО» 
Н2$04 HCI, 0 °С 


Cu,0 ör 
Cu(NQ3)2, + 


or 
Cl Cl Cl 
Ch HNO; Н,, Pd/C 
RO ПЕЛ 
NO, NH, 
NaNO, 
HCl 
0°C 
а Cl 
Cu;0 
ко» + 
2 
OH ње М Sy 
H30*, А СГ 


ОН 


d. The nitro group cannot ђе placed оп the benzene ring first, because а Friedel-Crafts reaction cannot 


be carried out on a ring with a meta director. Because formyl chloride is too unstable to be purchased, 


benzaldehyde is prepared by the Gatterman-Koch reaction (page 884 in the text). 
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О О 
| | 
N N 
AICL/CuCl H HNO H 
+ co + ne oe. rm 
high H2SO, 
pressure 
NO; 
H,NNH, 
HO-, A 
СН» 
МО» 
СН» СН» СН; ' 
е. CH3CI HNO, H,, Pd/C 
АСЗ HSO, 
ON НМ 
МаМО) | по 
нс! |0°С 
CH; СН» 
СиС==м 
C N 
2 2 
М М я 
СГ 
СН; СН,Вг CHOH 
f. CH;CI Bry HO- 
АІС} ћу 
NaOCl], o 
CH,COOH E 
or 
| | | 
C C C 
BN 
CO, HCI №: CL H Ch “н 
high pressure FeCl, Весь 
АСЬ, CuCl 


СІ 
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32. Because the para position is occupied, the electrophile adds to the ortho position. (Attack at the ortho posi- 


tion is slower than attack at the para position because of steric hindrance, but since the para position is not 
available, the slower reaction prevails.) 


N—N 
$ = — cy 
СГ 
CH; CH; 


33. You can see why nucleophilic attack occurs on the neutral nitrogen if you compare the products of 
nucleophilic attack on the two nitrogens. Nucleophilic attack on the neutral nitrogen forms a stable product, 
whereas nucleophilic attack on the positively charged nitrogen would form an unstable compound with 
two charged nitrogen atoms. 


ЊУ ZN —Nu 
NA | 2 


N 
oo — 
+ Ми CY 


compared to 


The terminal nitrogen is electrophilic because of electron withdrawal by the positively charged nitrogen. If 
you draw the resonance contributors, you can see that the "neutral" nitrogen is electron deficient. 


ЊУ. 


.. + 
„М 
М N^ 
Т 
| М | М 

NN NN 

а. —N Nit b. —N “у; 
SO, 


activated ring diazonium ion activated ring diazonium ion 


34. 
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37. 


38. 
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Immediately after hydrolysis of the amide bond, carbon dioxide is lost. We know then that the indicated 
amide bond is the one that is hydrolyzed because carbon dioxide can then be lost since the electrons left 
behind can be delocalized onto the carbonyl oxygen. 


NH, NH 


О 2 
М TE N | 


~ у 2М HN 
CH; Ye ~ 


СН 
и“ 


The nitrosamine formed from a secondary amine cannot form a diazonium ion when the nitrogen-nitrogen 
double bond is formed because the nitrogen cannot lose its positive charge by losing a proton. Therefore, 
the reaction stops at the nitrosamine. 


o 
Л 2— 


D [i 
E €———— 
NF М=0 N =N— O 
nitrosamine 


Note: Diazomethane is both explosive and toxic, so it should be synthesized only in small amounts by 
experienced laboratory workers. 


The first step of the reaction is formation of the methyldiazonium ion as a result of removal of a proton 
from the carboxylic acid by diazomethane. 


In the second step of the reaction, the carboxylate ion displaces nitrogen gas (№) from the methyldiazo- 
nium ion in ап Sy2 reaction. High yields are obtained because the only side product is a gas. 


| | | 
а rox СОС, С 
25N d 4 Pi M + “ы 
R О-Н + CH;—NzN === К O: + ЫЫ EN К OCH; + № 
diazomethane methyldiazonium 


ion 


From the resonance contributors, you can see that the reason that meta-chloronitrobenzene does not react 
with hydroxide ion is because the negative charge that is generated on the benzene ring cannot be delocal- 
ized onto the nitro substituent. 


Electron delocalization onto the nitro substituent can occur only if the nitro substituent is ortho or para to 
the site of nucleophilic attack. 


cy Cl OH Cl OH Cl OH 
+ НО: — i -— ч > E 
NO; NO, ik NO, NO, 
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39. a. The more nitro substituents ortho and para to the halogen, the faster the rate of nucleophilic aromatic 
substitution. 


1-chloro-2,4-dinitrobenzene > p-chloronitrobenzene > chlorobenzene 
b. The fewer nitro substituents attached to the benzene ring, the faster the rate of electrophilic aromatic 
substitution. 


chlorobenzene > p-chloronitrobenzene > 1-chloro-2,4-dinitrobenzene 


Br Br OH 
NO; NO; 
40. a. Br» HNO; Hos 
ЕеВгз Н2$04 А 


O OD O 
(> 
ЯЕ 
Е 
~ > 


МО; 2 2 
Вг Вг OCH; 
с. Во HNO; CHO 
ЕеВгз Н,504 А 
NO, NO; 
Н,, Pd/C 
OCH; OCH; OCH; 
CuBr NaNO, 
HCI 
0°C 
Br № _ NH2 
| С! 
М 
d. This synthesis would be carried out exactly as in с (above) except for the second to last step which 
would be: 
OCH; OCH; 
H3PO; 
N* 
|| СГ 
М 
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а. BrCH;CH;CH;CHCH;CH; —, Ww CH 
| О 2 3 


OH 


b. CX а АСВ 
CH;CH;CH;CHCH; 


c. In this synthesis of с and d, a primary alkyl halide cannot be used in the first step because the 
carbocation will rearrange to a secondary carbocation, which will result in the formation of a methyl- 
substituted five-membered ring. А primary allyl halide can be used because the initially formed allyl 
cation is stabilized by electron delocalization. 


Br 
_ АСВ _ _NBS, А _ А 
“peroxide 
CH2CH = СНСН»С!1 


Hə, Pd/C 


Br 
tert-BuO- OL) 
Br 
_ AICI; › _NBS, A _ A 
peroxide 
CHCH — CHCH;CI 


Н», Pd/C 


CH; 


=Z 


|| 
СООН СООН 


QM на 1.600; _ 
ES зна” 


Ман 
e. BrCH)CH,CH»CHCH,CH=CH, — W 
| o” сносн==<н; 
OH 
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42. 


43. 
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f. 


“Ee me ao oS 


O 


product of e 


ду 


{ 


m-bromobenzoic acid 
1,2,4-tribromobenzene 
2,6-dimethylphenol 
p-nitrostyrene 

m-ethylanisole 
3,5-dichlorobenzenesulfonic acid 
o-bromomethylbenzene 
p-cyclohexylmethylbenzene 
2-chloro-4-ethylaniline 
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CH2,CH=CH2 2 но, H,02, н.о CH;CH;CH;OH 
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| NaNO», rt Br 
о Н250 
UN 77 N А 22504 НВг 
Су peroxide 


СиО | Си(МО)); 
H,O or H,0*, А 


| Н», Raney Ni 
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45. 


46. 


47. 


48. 


Chapter 18 
H3C CHCH 
CH;CH : ли ње CI OCH; 
N CH NO 
a c H e aa g CY i 
OH 
Br 
SO3H NH; CH=CH; СН» 
Вг Cl 
b. д. f. ћ. 
а 
МО Cl 
COOH 
i. о; 
СІ 


a. CHCH; donates electrons by hyperconjugation and does not donate or withdraw electrons by 
resonance. 

NO, withdraws electrons inductively and withdraws electrons by resonance. 

Br deactivates the ring and directs ortho/para. 

OH withdraws electrons inductively, donates electrons by resonance, and activates the ring. 

*NH; withdraws electrons inductively and does not donate or withdraw electrons by resonance. 


a. | d b. cy с. 
CH | 
с. C 
CH; 


"ROT 


NH 
COOH 3 2 


а. 
: > МО, 


CH4CHCH; CH4CHCH; 


b. Cl 
+ 


Cl 
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50. 


Вг 
е. 
Вг 
O O 
OH OH 
f. SO3H 
ЅОзН 


Chapter 18 


СН»СН» CHCH; 
g. Br 
+ 
Br 
COOH 
h. 
COOH 


The more activating the substituent, the more basic the NH, group. 


СНО - %- NH, > CH; - M 


The least reactive compound yields the highest percentage of meta product. 


1. CT 


most reactive 


least reactive 
highest % meta product 


3. or OCH;CH; 


most reactive 


O 
2. oon сү“ — 


| on 


least reactive 
highest % meta product 


most reactive 


| 
CH,OCH; bii 


least reactive 
highest % meta product 
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51. a. These are intramolecular Friedel-Crafts alkylation reactions. Drawing the mechanism allows you to 


determine the product of the reaction. Notice that a carbocation rearrangement occurs in part a. 


Cl: CI— AICI, 
Фани pos Фени 


E 


AICI, 


H 
HB* Св 


b. Now that you understand how the product in part а is formed, you can determine the product of this 
reaction without drawing the mechanism. 


52. a. H5SO, 
A 
| 
1.CH;CCI 
b. АС, 
2. ЊО 


SO3H 
Cl, 
FeCl, 


QA=0 


N 
CH; е, 
FeCl, 


Cl 
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Cl 


SO,H 


or H;, Pd/C 


а! 
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NO, NO, NH, 
с. HNO; Brz Н,, Pd/C 
——>» ————— ———> 
H,SO, ЕеВгз 
Вг Вг 
on | NaNO 
0*C нат“ 
ZN 
Сис == № СГ 
A 
Br Br 
d. 
[| || 
1. CH3CH;CH;CH5CCI ССН»СН»СН»СН» H,NNH, CH;CH;CH;CH;CH; 
AICI; HOS, А 
2. ЊО ог Н,, Pd/C 
СНз СООН СООН 
е. CH;Cl Н›СгО, Br; 
АС А FeBr, 
Br 
COOH 
СН» СООН 
f. CH3CI Н,СгО; HNO; 
AICI; A H2SO, 
NO, 
Н», Pd/C 
COOH COOH COOH 
СиО МаМО» 
Cu(NO3);, HCI 
НО 0°С 
ог 
ОН НзО*, А +N N Н» 
|| 
М 
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CH; CH 
5. CH3Cl HNO; Hp, РАС _ 
АСВ H2SO, 
О.М 
NaNO> 
НС! 
0?C 
CH; 
PR UN 
CONO. 4 
HO ZN 
НО“, A 
h СТ e CH о | T CH4OH 
• CHCl Br 
— _——>» 
AICI ћу су 


О 


СО, НС! C. CH,OH 
or high pressure СТ Н 1. NaBH, СТ 
АСВ, CuCl 2.H40* 
я 
HNO, NaNO, _ N CuCN С 
H,SO, она” 


Н», Raney Ni 


С 
> 
NY 
> 


CHjNH; 


53. Anisole undergoes electrophilic aromatic substitution (D* is the electrophile) primarily at the ortho and 
para positions. 


OCH, OCH, 
D D 


54, сно—{ осн 
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56. 


57. 
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anisole > ethylbenzene > benzene > chlorobenzene > nitrobenzene 

2,4-dinitrophenol > 1-methyl-2,4-dinitrobenzene > 1-chloro-2,4-dinitrobenzene 

p-cresol > p-xylene > toluene > benzene 

phenol > propylbenzene > benzene > benzoic acid 

p-chloromethylbenzene > p-methylnitrobenzene > 2-chloro-1-methyl-4-nitrobenzene > 1-methyl- 
2,4-dinitrobenzene 

fluorobenzene > chlorobenzene > bromobenzene > iodobenzene 


Two products are obtained. Less of the product on the right is obtained because of steric hindrance. 


CH; CH; CH; 
Ch 
+ 
FeCl; 
С! 
СІ 
One product is obtained. (Notice that the four positions are equivalent.) 
СН; СН» 
а 
Cl 
FeCl; 
CH; CH; 


Two products can be obtained, but little, if any, of one of the products is obtained because of 
steric hindrance. 


CH; CH; CH; 
а 
Cl, А 
FeCl; 

СНз СН» СН» 

CI minor 

major 

NO, СН; 


OCH; OCH, 
O O 
| + 
од О 
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cM 7 + DK) 
Br 
CH,CH,CH,OH CF; 
e. f. С. 
cl 


ol "OY Y. 
РА СООН Вг 
Cl minor! МО» 
b. О д. ОН f. OH h. CI 
| | minor minor 
ion N РА XX N 
СЊОС NS СН; | СІ 
| СООН 
| 
I С 
59. 1. “а 1. AICI, 
+ 2. HO 
CH; CH; 
О О 
|| | 
С 
2. с^ 1. AICI, 
+ 2. H,O 
CH, CH; 


60. Because the 2p orbital of oxygen overlaps the 2p orbital of carbon better than does the 3p orbital of sulfur, 
oxygen is better than sulfur at donating electrons by resonance. Therefore, the benzene ring of anisole is 
more activated toward electrophilic aromatic substitution than is the benzene ring of thioanisole. 
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61. Three ways to synthesize anisole from benzene are shown below. 


1 МО; NH, 
x HNO; Но, Pd/C 
"GS mU E 
294 ost 


CH30H | HCl, A 


x „ОСН: 
2 NO, NH 
у _HNO; _ Н», Pd/C 
Н2$О4 ===. E 


Cu,0 
Cu(NO3);| or НзО* 
H,0 A 


OCH, 
1. NaH 
2. СНУ 
CI OCH; 
Ch HNO; СНзО- 
К юс” 60,7 O А ДЇЎ 
FeCl; H,SO, 
O;N 
H5, Pd/C 
OCH; ОСН; на ОСН; 
+ 0°C 
2 НМ 
КО дыр 


62. The compound with the methoxy substituent is the more reactive because it forms the more stable 
carbocation intermediate. The carbocation intermediate is stabilized by resonance electron donation. 


oni” pinos 
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63. The rate-determining step in the Sy1 reaction is formation of the tertiary carbocation. An electron-donating СА 
substituent stabilize the carbocation and causes it to be more easily formed. Ап electron-withdrawing 
substituent will destabilizes the carbocation and causes it to be less easily formed. 


Br Br r | Вг 
CH3CCH; CH3CCH3 CH3CCH3 CH3CCH3 CH3CCH3 
OCH;CH; ит СН»СН»СН» CHCICH; SO3H 
O 


64. The signal at ~7 ppm that integrates to 5H indicates a monosubstituted benzene ring. A monosubstituted 
benzene ring contains six carbons and five hydrogens. Subtracting these atoms from the molecular formula 
of Са gives us a substituent with 7 carbons and 15 hydrogens. The compound shown below has the 


correct number of carbons and hydrogens that will give two singlets, with one (9H) having 1.5 times the 
area of the second (6H). 


ж 
| 
NO, Н cua ^"N—CH; 
HNO; Нэ, Pd/C excess | _ 
#50, к›СО; CH; I 
see page 405 
of the text 
CH CH 
b. 3 3 CH; 
CHsCI HNO; H, РАС 
— > А 2, 
Q AIC]; CY но — 
NO, NH, 
ON CH 3 CH 3 CH; 
HNO; Cu)O 
—— —— 
он H»SO, Со» + 
ЊО", А СГ 
~ 
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cad Ch 
МС FeCl; 
Cl 
CH; CH,Br CH,OCH, 
d. © сна СТ = Cy ea: СТ 
Ксы _ Bro 
AlCl; hv ЕЕ 
Вг 
е. Q Br СТ HNO; AY VO 
——— —— Ра 
РеВгз H2SO, 
ON 
NO, NO, 
f. ee Br Hp, Pd/C 
8504 ЕеВгз о 
or | NaNO 
0°С| нат 


ч I NT 
| "n 
A 

MgBr 
—> — 
FeBr3 FeBr3 = 
Br BrMg 


DjO 


A 


Br NECH, 
Bi HOS 1. CH,NH,, A 
ҒеВгз Н2$О4 5 но > 
ON ON 


, NO, NO, 
i. HNO, вг, 
— eS 
850, FeBr; 
Br 
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66. a. The halogens withdraw electrons inductively and donate electrons by resonance. Because they all 
deactivate the benzene ring toward electrophilic aromatic substitution, we know that their electron- 
withdrawing effect is stronger than their electron-donating effect. Therefore, an ortho-halo-substituted 
benzoic acid is a stronger acid than benzoic acid. 


b. Because fluorine is the weakest deactivator of the halogens (Table 18.1), we know that overall it 
donates electrons better than the other halogens. Therefore, ortho-fluorobenzoic acid is the weakest of 
the ortho-halo-substituted benzoic acids. 


c. The smaller the halogen, the more electronegative it is and, therefore, the better it is at withdrawing 
electrons inductively. The smaller the halogen, the better it is at donating electrons by resonance 
because a 2p orbital of carbon overlaps a 2p orbital of a halogen better than a 3p orbital of a halogen 
and overlaps a 3p orbital better than a 4p orbital. Therefore, Br does not withdraw electrons as well as 
Cl, and Br does not donate electrons as well as Cl, so their pK, values are similar. 


67. a. The weaker the base attached to the acyl group, the stronger its electron-withdrawing ability; therefore, 
the easier it is to form the tetrahedral intermediate. (para-Chlorophenol is a stronger acid than phenol, 
so the conjugate base of para-chlorophenol is a weaker base than the conjugate base of phenol, etc.) 


b. The tetrahedral intermediate collapses by eliminating the OR group. The lower the basicity of the OR 
group, the easier it is to eliminate. 


IN 


Thus, the rate of both formation of the tetrahedral intermediate and collapse of the tetrahedral interme- 
diate is decreased by increasing the basicity of the OR group. 


a. СН» 
+ 
CH; minor ©; 


para-xylene major ee 


68. 


b. The major product is 1,4-dimethyl-2-nitrobenzene. 
para-Xylene is more reactive than benzene toward electrophilic aromatic substitution. The methyl 
groups activate the ortho positions, so all four positions on the ring are activated. Attack on any one of 
the four leads to the same compound. 
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71. 
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meta-Xylene reacts more rapidly. In meta-xylene, both methy] groups activate the same position, whereas in 
para-xylene, each methyl group activates a different position. Therefore, meta-xylene is more highly activated. 


CH; CH; 
NA pe 
CH; A ЈА 


The reactions in part a and part b are intramolecular Friedel-Crafts acylation reactions. 


a. Drawing the mechanism can help you determine the product of the reaction. 


O O | 
>. S: AICI, 
• ME + 


b. The mechanism in part а can help you determine the product. Су, NS 


О 


The ЇН NMR spectrum is the spectrum of butylbenzene. 
The benzene ring protons at ~ 7.2 ppm that integrate to 5 protons indicate а monosubstitutied benzene ring. 
The two triplets and two multiplets indicate a straight-chain butyl group. 


(у omenen on, 


Therefore, the acyl chloride has a straight-chain propyl group and a carbonyl group that will be reduced to 
a methylene group. 


О 
|| 


С 
CH;CH,CHY “с 
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COOH COOH COOH 


72. a. b. с. 


СООН СООН 
Gie ci, 
CH; 


73. Recall that the highest frequency signal is given by the most deshielded proton, that is, the one with the 
least electron density (the signal farthest to the left on the spectrum). 


a. The oxygen withdraws electrons inductively from the carbon bonded to the hydrogens being compared, 
so the oxygen-containing compound has the signal at the highest frequency. 


— 


СНО E CH;CH; 


b. The oxygen donates electrons by resonance, so the oxygen-containing compound has the signal at the 
lowest frequency. 


"ERA + E 


Therefore, the non-oxygen-containing compound has the signal at the highest frequency. 
CH;CH=CH, 


74. generation of the electrophile 
A 


4 d а — A + в 


reaction of benzene with the electrophile 
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The greater the electron-withdrawing ability of the para substituent, the greater the Кы for hydrate forma- 
tion. (See Section 16.9 in the text.) 


CH; 
ON CI СНО 


The original compound was 1 ,3-dibromobenzene. 1,4-Dibromobenzene would form only one product, and 
],2-dibromobenzene would form only two. 


Br 
Br Br Br 
МО» 
HNO; 
H5SO, 
Br Br ON Br Br 
1,3-dibromobenzene МО» minor product 
Br Br 
HNO; МО; 
HSO; 
Br Br 
1,4-dibromobenzene 
Br Br Br 
Br Br Br 
HNO; + 
H5SO, 
1,2-dib b Е >. 
,2-dibromobenzene NO, 
O 
a. 
NH,NH, 
HO, А 
1. HSCH,CH,CH,SH/HCI 
2. Н», Raney № 
H; 
Pd/C 
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b. NHjNH; 
НОА 
1. HSCH,CH,CH,SH/HCI 
2. Н,, Капеу № 


The reason there are three ways to carry ош the reaction іп part a but only two ways to carry it out іп part b is 
because only a carbonyl group adjacent to a benzene ring can be reduced to a methylene group by Н,, Pd/C. 


a. НС adds to the alkene, forming a secondary carbocation that undergoes a 1,2-hydride shift to form a 
tertiary carbocation. The tertiary carbocation is an electrophile that can add either to the double bond 
in a second molecule of the reactant (in an intermolecular reaction) or to the benzene ring in the same 
molecule of the reactant (in an intramolecular reaction). 


The intramolecular reaction is favored because it forms a stable five-membered ring. (See Section 9.16 
in the text.) After the electrophile adds to the benzene ring, a base (B:) in the reaction mixture removes 
a proton and the aromaticity of the benzene ring is restored. | 


САХ 
й i се 


an intramolecular reaction 


| 

- OR — Cg. 
H 
Bx} 
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b. As in part a, an electrophile is formed that can react in either an intermolecular reaction or an intra- 
molecular reaction. Seeing that the product of the reaction has two benzene rings and that there are 
twice as many carbons in the product as in the reactant indicates that two reactant molecules react in an 
intermolecular reaction. In this case, the intermolecular reaction is favored, because the intramolecular 
reaction would lead to a highly strained three-membered ring. The electrophile that is formed in the 
intermolecular reaction can add to the benzene ring in an intramolecular reaction to form a stable five- 


membered ring. 
C ata, $5 dud ^ X 


an i» NGC reaction 


Ег 


CH; b" 
єн, 


-" 
^ к 
ап ОЕ 
reaction 


LM О-О 
1-АСЬ_ 
2H0 H20 
О 
О 
1. 1. АКВ _ p 
2. Hj. O 


1. АС | 2. НО 


a 


^y 
ЫЫ. + 
до 
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d +N 
i 2 
NO, NO, N^ 
HNO; HNO; NaNO, 
— ——> ————>» 
#50, Н,504 НСІ, 0 °С 
МО, N + 
М 
СиО 


ох ог H30", A 


OH 


OH 


81. 


| 
pm Br 


CH,CH,CHZ- 
ОЮ __Во 
HO ” H,O E? m 
mm 
tert Buð NBS 
— 
| 2m 
Br 


82. The carbocation formed by putting an electrophile at the ortho or para positions can be stabilized by reso- 
nance electron donation from the phenyl substituent. 


6-6 6-8 


ortho substitution para substitution 
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The carbocation formed by putting ап electrophile at the meta position cannot be stabilized by resonance 
electron donation from the phenyl substituent. 


(2 7- СЕ 


meta substitution 


Н», Pd/C 
EY OCH; 
HN 
+N 
NO, NH2 N 
2. HNO; Но, Pd/C HCI cr 
Н,804 NaNO, 
0°C 
ono A 


Copyright © 2017 Pearson Education, Inc. 


636 


84. 


85. 


Chapter 18 


Synthesizing benzaldehyde from benzene would be easy if formyl chloride could be used. However, this 
compound is unstable and must be generated in situ via a Gatterman-Koch reaction (see page 884 in the 
text), or it can be synthesized via a Friedel—Crafts alkylation reaction. Conversion of the methyl ketone to a 
carboxylic acid is called a haloform reaction. (See Chapter 17, Problem 58.) 


О 
1. _1- CHSCVAICI; _ H = HO excess _ 
72. NBS/peroxide РЕЗЕ + на" 
Ea 


CH i 
4 N2OCIICH COOH/0 °С QNI. 
, озону 1. 50,21 | 2. CH;CH,OH 
со, а! А 
ions I 
cu 
: 9 AN 
© | 
| | T 
C C CHCH; COOH CHCH; 
о ог Or О 
А С р Е 
B 
qs CH=CH, 
CHCH; саан CH=CH, CH;CHjBr 
+ CHOH 
F H I 
e 
J 


Copyright О 2017 Pearson Education, Inc. 


86. а. 


с. 


Chapter 18 637 


The hydroxy-substituted carbocation intermediate is more stable because the positive charge can be 
stabilized by resonance electron donation from the OH group. 


: OH | OH + OH 
H NO, H NO; H МО» 


The carbanion with the negative charge meta to the nitro group is more stable because a negative 
charge in this position can be delocalized onto the nitro group but a negative charge ortho to the nitro 
group position cannot. 


O, 70 EUN „о OL, 07 
№ М 
НО Cl HO Cl HO Cl 


The chloro substituent primarily withdraws electrons inductively. (It only minimally donates electrons 
by resonance.) The closer it is to the COOH group, the more it withdraws electrons from the OH bond 
and the stronger the acid. Therefore, the ortho isomer is the strongest acid and the para isomer is the 
weakest acid. 


The nitro substituent withdraws electrons inductively. It also withdraws electrons by resonance, if it is 
ortho or para to the COOH group. Therefore, the ortho and para isomers are the strongest acids, and the 
ortho isomer is a stronger acid than the para isomer because of greater inductive electron withdrawal 
from the closer position. 


The amino substituent primarily donates electrons by resonance, but it can donate electrons by reso- 
nance to the COOH group only if it is ortho or para to it. Therefore, the meta isomer is the strongest 
acid. Seeing that the ortho isomer is the weakest acid tells us that resonance electron donation to the 
COOH group is more efficient from the ortho position. 


et 
ө\ 
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88. 


89. 


Chapter 18 


a. 


| 
b. NH C imine +n) N :В 
т А N formation Хен, a 
$ H 
OH Con = „де 
М HB* 
OH 


А fluoro substituent is more electronegative than a chloro substituent. Therefore, nucleophilic attack on the 
carbon bearing the fluoro substituent is easier than nucleophilic attack on the carbon bearing the chloro sub- 
stituent. In addition, the smaller fluoro substituent provides less steric hindrance to attack by the nucleophile. 


А fluoro substituent is a stronger base than a chloro substituent, so elimination of the halogen in the second 
step of the reaction is harder for a fluoro-substituted benzene than for a chloro-substituted benzene. 


The fact that the fluoro-substituted compound is more reactive tells you that attack of the nucleophile on 
the aromatic ring is the rate-determining step of the reaction. 
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90. The signal at 7.1-7.3 ppm that integrates to 5 protons indicates a monosubstituted benzene ring. The 
doublet at 1.3 ppm that integrates to 6 protons and the septet at 2.9 ppm that integrates to 1 proton indicate 
an isopropyl group. Therefore, compound A is isopropylbenzene. 


СН» СН» СН» 
91. CH,Cl Вг, P ROSE 
АСВ FeBr; PdL, 
но" 
Вг CH3C = СН» 
ог 
СН» 
Ба РР Br; јеп-ВиО CH3CI 
МС ћу МС 


СН»СНСН» Mid ad СН»С = СН, СНаС==<Н; 
Вг 


Вг Вг OCH; 
b. Br Ж Вг 
HNO; Br; CH,0 
= HSO, FeBr; A 
NO, NO, МО; 


1. оса 
АС, H,, Pd/C 
CH(CH3) 
2. H,O 
2 C Ри 3/2 НУММН, 
| CH,CH(CH;), 


| HO”, A 
O 
1. CH;CCI, AICI, | 2. H,0 


| О 


С SO4H C 
а — 
| CH;CH(CH3) CH,CH(CH3) 
2 3/2 
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|| 
1. СНСС1 
AICI, Вг, 
а. СН FeBr. CH 
2. H20 3. 3 
2 с B: Br 
О О 
Zu 
C(CH3)3 
EX (CH4),CCI г) 
p 
AIC 
CH4CH; Br СНзСН; Вг 


92. a. The first three compounds will not show a carbonyl stretch at 1700 ст“ ', and the bottom four will 
show this absorption band. The first three can be distinguished from one another by the presence or 
absence of the indicated absorption bands. 


CY CHOH O СНОН СУ CH,OCH; 


band at 3300 ст! band at 3300 ст! no band at 3300 cm"! 
no band at 1600 ст“ ! band at 1600 cm! band at 1600 ст“! 


The last four compounds all have an absorption band at 1700 cm '. 
They can be distinguished by the presence or absence of the indicated absorption bands. 


О О О 
| | | 
СУ “оН СУ “н СТ “OCH, O “ен, 


С=О 


large broad band at no band at no band at no band at 
~ 2500-3500 стг! ~ 2500-3500 ст ! ~ 2500-3500 ст! ~ 2500-3500 стг! 
band at 1250 cm! no band at 1250 ст! band at 1250 cm! no band at 1250 ст”! 


no band at 2700 ст! Бапа аі 2700 ст ! no band at 2700 ст! no band at 2700 стг! 


b. This is the only compound without the characteristic benzene ring hydrogens at ~ 7—8 ppm. 


om 


Only two compounds will have two signals other than the signals for the benzene ring hydrogens. They can 
be distinguished by integration (2:3 versus 2:1) or by the two sharp singlets for the ether versus the some- 
what broader singlet for the hydrogen bonded to oxygen. 


СУ CH;0CH3 СУ СНОН 
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Each of the following four compounds has only one signal (a singlet) in addition to the benzene ring 
hydrogens. The four can be distinguished by the position of the singlet. 


O 
| | | | 
CT “сн, or “OCH; x “н СУ “oH 
~2 ppm ~4 ppm ~9–10 ppm ~10-12 ppm 
Br OCH; 
93. Br HNO; сњо, 
FeBr; H,SO, 
Hp, Pd/C 
би 
ОСН; ОСН; ОСН; | ОСН; 
NO, NO, 
HNO; CuBr NaNO, 
H2SO, НСІ,0 °С 
Вг Вг 
Нә, Pd/C 
ОСН; ОСН; OCH; 
Му + + ZN 
HN МН» М М CH30 OCH; 
NaNO, CHOH 
НСІ, 0 °C HCI, A 
Br Br Br 
1. Li 
2. Cul 
О 
3. ZA 
4. НСІ 
OCH, OCH, OCH; 
CH3O OCH; CH30 OCH; СНзО ОСНз 
1. № PBr; 
2. H5, Pd/C pyridine 
CH;CH;NH; CH;CHjBr CH;CH;0H 


For the last reaction, see Problem 17 on page 405. 
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The configuration of the asymmetric center in the reactant will be retained only if the asymmetric cen- 
ter undergoes two successive Sy2 reactions. In the first step of the reaction, the NH, group is converted 
to a good leaving group. The first Sy2 reaction involves the carboxylate ion that is closest to the carbon 
attached to the leaving group. The product of the reaction is a strained three-membered ring that reacts 
with the other carboxylate ion in a second Sy2 reaction, forming a more stable five-membered ring. 


О 

| 

RO: —0: О (3* 
| ЖИ — Е ы od 
_ те — $8 x = Q'— E 2 
OCCH;CH,-^ Сен НСІ OCCH;CH,-^ \ H E mb 

= ~ 
NH; (NEN CH;CH; H 


" 


H4C » d NO; 
è : à 
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соге 


Q 


HCl 
OH 
ен єн; 
CH, 


CuLi 


О 
LLA 


2. HCI 


ey 


| PBr;/pyridine 


Cy 


" EO 


О 

|| 
CH,CCH;CH; cy 
mom + 


Chapter 18 


© 


Су== 


CHÍ ^u 


1. CH;CH,MgBr 
2. HCl 


OH 
CH4CHCH;CH; 


equivalent. The triplet at 1.2 ppm and quartet at 2.6 ppm indicate an ethyl group. 


CH;CH;CI 
———— 
AICI; 
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The unsplit signal at ~7.1 ppm suggests that all the benzene ring hydrogens in the product аге chemically 
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98. а. The alkyl diazonium ion is very unstable. Loss of N, and a 1,2-hydride shift forms a tert-butyl carbo- 
cation, which can undergo either substitution or elimination. 


СНзС= СН, + H4O* 


a D 


cae: 
сњснснмн “т” cn den, ке —. CH;CCH; 


CH; CH; CH; NEO oH 


снн, + H,O* 
CH; 


b. The cation formed from the diazonium ion will undergo a pinacol-like rearrangement. (See Chapter 10, 


Problem 92.) 
+ as 
OH NH; OH =н :OH 
+ 
CH,—C—C—cH, №02, cH,—C—C—CH; CH;—C—C—CH; + № 
НСІ ФР, 
CH; СН» CH; СН; CH; CH; 


O CH н сњ 


ша. 


Ht + x чен. 
СН» СН» 


99. A chloro group is a better leaving group than the ammonium group, so the product is formed without 
hydroxide ion catalysis. 


+ 
+ 
Cl ci. Aum NHR, 
NO; x NO; МО; 
В>МН = ——— 
NO; МО» МО» + СГ 


A methoxy group is a poorer leaving group than the ammonium group, so the ammonium group is elimi- 
nated, reforming starting materials. If hydroxide ion is added to the solution, hydroxide ion converts 
the ammonium group into an amino group. Because the amino group is a poorer leaving group than the 
methoxy group, the methoxy group will be eliminated. 

cae СНО. МНА, CH,0 


„Хо; МО; 


У 


МО» + ЊО NO; + СНО“ 
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100. T 
o^ 
“о 
О 
[| 
101. а. СН»СН»МН» СН»СН»МНССН» 
о 
| 
CH3CCI HNO; 
H2504 
| j 
CH;CH;NHCCH; CH;CH;NHCCH; 
НСІ 
СиО NaNO, 
Cu(NO3), 0°C 
H20 
or 
OH Но", A +N 
|| 
НСІ, H,0,A М 
+ 
CH;CH;NH; 
OH 
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| 
CH)CH,NHCCH, 


NO, 


Но, Pd/C 
| 
CH,CH,NHCCH, 
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b. The NH, group must be protected before the compound reacts with nitric acid. 


O O 
|| | 
С С 
и. № „А N 
CH;CH;NH, CH,CH,NH СН, CH,CH,NH СН, 
О 
ills HNO, 
#50, 
NO, 
OH о „а О, „СН 
NZ 
“с^ С 
| | 
O О 
H, Pd/C 
О 
|| 
С 
Z N 
CH;CHNH CH, 
NH, 
O CH 
Му 
С 
| 
О 
„| HCI 
0°C | NaNO, 
O O 
| | 
Z N AN 
CH,CH,NH CH, СЊСЊАН CH, 
+ 
CH;CH;NH; А 
ОН Pe 
Н.О, HCl, A Cu,0 
——_ H О СН 
O Je Cu(NO3)2, т 
С С 
ОН Но 
|| ог || 
ОН О НзО*, А О 
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CH;CH;CI CH;CH5NH; 
C. 
1. № 
2. Нз, Pd/C 
CH3CH;CI CH2CH2NH3 
1. phthalimide anion 
2. HCI, ЊО, А 
3. НО" 
СНС! CH,C=N CH;CHNH, 
| 2r E @ 
ae ме. ЕИ 
Капеу М 
mA CH;OH СНС! CH,C=N CH;CH; 


оо 
СООН || || 

CX CH,COCCH, 
О 
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' SOCh "CEN H2 
= и — —_ 
pyridine Raney Ni 


COOH 
Cu20 
D 
OH о 
ог 
H30*, А 
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| 
b. CH CH, 1. (CH3),CHCCI, СН» СН»СН» 


СЊСЊВг МС 
————— ес 
AIC, 2. HO CH. 
CH; | 
O 


NBS, A | peroxide 


CH, 
тн» CH, CHBr 
CH CHC=N | 
ns EN. up За 
^ CH. 3 | 
СН» | О 
О 
на! | H20, A 
СН» 
CH 
CH, CHCOOH У 
| НУРИС CH, CHCOOH 
7 CHS z = 
СН» HjNNH; ^ CH. 
1 Но, А СН; СН; 
О 
| || 
E HNO; н, CH;CC! ZEN 
H2504 МО; рас” Nb ——- NH CH; 
HNO; | Н›$О4 
О О 
| | || 
а “СУ мамоне Zon, н, AER 
N=N NH СНз с ЊМ NH СН» Рас ON NH CH; 
Cu(NO3)2, 
СиО jos 
H30*, A 
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ac 


1. LDA/THF 
2. CH3Br 


| 
(gt (c= 
CH3 HCI, H2O СН: 
А 
О О 


b. The substituent in ibuprofen is placed on the ring by a Friedel-Crafts acylation reaction. A Friedel- 
Crafts reaction cannot be done in the synthesis of ketoprofen, because the benzene rings are deactivated 


and deactivated rings cannot undergo Friedel-Crafts reactions. 


О Н 
NO, NH N CH 
104. HNO, H2 ? culla Sew? 
~ HSO; Pd/C Ц 


CH,CI| AICI, 
+ Н N CH 
на! | н;СгО, [| 
HO. HO HOY О ^ с; о 
|| || 
О О 
adjust pH “| 
+ 
NH, 
TO 
^C 
|| 
О 
эю: (CH;CH,);NHCH,CH,OH «С (CH,CH,),NH + /N 
^ 
+ 
HO- 
— g^ e и A 
a | „Н || | 
О О 
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105. Notice that the Friedel-Crafts reaction can be done on a ring with a sulfonic acid group because its deacti- 
vation is offset by the activating amide group. The sulfonic acid group is put on the ring to block the para 
position and thereby force the methyl groups to go to the ortho positions. Notice that the Friedel-Crafts 
alkylation reaction can be done because the deactivating effect of the meta director is offset by the activat- 
ing effect of the amide. Also notice that because some (or all) of the amide may be hydrolyzed when the 
sulfonic acid group is removed, the acyl chloride is added to reform the amide. 


О 
МО || 
HNO ? ib 2 CICH,CCI ое 
HSO, Pd/C I 
њо, 
cc LY Aa 
CHsCI 
HOS сн, A = HOS Ó 
3 
HO А Hs y 
№ ху 
С NL 
0 
СН» CH, 


ur N ps 
О 
СН | сн, 


3 2 СІСН ССІ 


106. Notice that thionyl chloride can replace the OH group of a carboxylic acid and the OH group of a sulfonic 
acid with a Cl. 


CH; CH; 
С) CH,CI CY H,SO, CY 1. H,CrO,, A CY N o 
AICI; 2.HO _ 
SO4H SO, 


excess 
$ОСЬ | 


а 

ДЕ 

= 

~ 

[ 

= 
n=O nQ—o 
| / 
о д 


~ 
л 
/ 
о 
О== 
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Chapter 18 Practice Test 


Name the following: 


COOH 


CH; 
a. A b. Br с. CY CH;CH; d. CI OL 
МО; р 6 `Вг OH 


Rank the following compounds from most reactive to least reactive toward reaction with Вг, /ЕеВгз: 


O 
N CH;CH k 
Br МС 2 3 — NHCH; 
|| 
О 


For each of the following pairs, circle the stronger acid: 


COOH COOH *NH3 *NH3 
a с. 
ог ог 
Cl CH; 3 ОСН; 
ОН ОН СООН СООН 
р. а. 
ог ог 
МО» Вг CH3 


a. Which is more reactive in a nucleophilic substitution reaction, para-bromonitrobenzene or 
para-bromoethylbenzene? 


b. Which is more reactive in an electrophilic substitution reaction, para-bromonitrobenzene or 
para-bromoethylbenzene? 


What acid anhydride would you use in the synthesis of propylbenzene? 


Draw the mechanism for the formation of the nitronium ion from nitric acid and sulfuric acid. 


Copyright © 2017 Pearson Education, Inc. 


652 Chapter 18 


7. Draw the major product(s) of the following reactions: 
NO, 
a. 
+ H2SO4 — 
ОСН; 
b. АС 
+ сс = 
CHCH; 
£e H4CrO, 
A 
Cl 
9. 
Q + CH307 Son 
МО» 
С! 
е. 
Q + HNO; 2 
ОСН; 
О 
| 
f. UE FeCl 
CY “Ha + Ch — 
8. Indicate whether each of the following statements is true or false: 


a. Benzoic acid is more reactive than benzene toward electrophilic 


aromatic substitution. T F 
b. para-Chlorobenzoic acid is more acidic than para-methoxybenzoic acid. T F 
с. A CH=CH, group is a meta director. T F 
d. para-Nitroaniline is more basic than para-chloroaniline. T F 
9. Draw the resonance contributors for the carbocation intermediate that is formed when benzene reacts with 


ап electrophile (Ү?). 
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CHAPTER 19 
More About Amines • Reactions of Heterocyclic Compounds 


Important Terms 


furan a five-membered ring aromatic compound with an oxygen ring atom. 
heteroatom an atom other than a carbon or a hydrogen. 
heterocyclic compound a cyclic compound in which one or more of the ring atoms are heteroatoms. 
(heterocycle) 
imidazole a five-membered ring aromatic compound with two nitrogen ring atoms. 
ligation the sharing of nonbonded electrons with a metal. 
porphyrin ring system a compound that consists of four pyrrole rings joined by one-carbon bridges. 
purine a pyrimidine ring fused to an imidazole ring. 
pyrimidine a benzene ring with nitrogens at the 1- and 3-positions. 
pyrrole a five-membered ring aromatic compound with a nitrogen ring atom. 
thiophene a five-membered ring aromatic compound with a sulfur ring atom. 

653 
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Solutions to Problems 


1. а. 2,2-dimethylazacyclopropane or d. 3-methylazacyclobutane or 
2,2-dimethylaziridine 3-methylazetidine 
b. 4-ethylazacyclohexane e. 2,3-dimethyloxacyclopentane or 
4-ethylpiperidine 2,3-dimethyltetrahydrofuran 
c. 2-methylthiacyclopropane or f. 2-ethyloxacyclobutane or 
2-methylthiirane 2-ethyloxetane 
2. Solved in the text. 
3: The oxygen in morpholine withdraws electrons inductively, which make protonated morpholine the stron- 


ger acid. Recall that inductive electron withdrawal increases acidity (Section 2.7). 


Duro Бребје 


/ TN Я UN N 
H H H 
pK, = 9.28 morpholine pK, = 11.12 piperidine 
4. а 
О 


Ly 


b. The conjugate acid of 3-quinuclidinone has a lower pK, than the conjugate acid of morpholine 
because the sp? oxygen of 3-quinuclidinone is more electronegative than the sp? oxygen of morpholine 
(Section 2.6) and the oxygen is closer to the nitrogen. So we know that its pK, is less than 9. 


| О 
ih 
Д А 
/ PS 


H 


conjugate acid conjugate acid 
of 3-quinuclidinone of morpholine 


pK, = 7.46 pK, = 9.28 


c. The conjugate acid of 3-chloroquinuclidine has a lower pK, than the conjugate acid of 
3-bromoquinuclidine because chlorine is more electronegative than bromine, so it is better at with- 
drawing electrons inductively. 


а Вг 
Ly L N+ 
н d 


conjugate acid of 
3-chloroquinuclidine 


conjugate acid of 
3-bromoquinuclidine 
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D- а Ve a 
| A d р x 2: | № TIO А \ 
N +N +N +N +N 
H H H H H 


Pyrrole and its conjugate base are 


both aromatic. Cyclopentadiene does not become aromatic until it loses 


a proton. It is the drive for the nonaromatic compound to become a stable aromatic compound that causes 
cyclopentadiene to be a stronger acid than pyrrole. 


2+ 


М 
Н 


X 


Solved in the text. 


C — Су.» 


aromatic aromatic 
( \ — { \ + Ht 
nonaromatic aromatic 


DO: 
p-Lóp, T ai | \ 
i = BRP 0. 


2-deuteriopyrrole 


Pyridine will act as an amine with the alkyl bromide, forming a quaternary ammonium salt. 


2 


| 


us. 
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п. The first reaction is a two-step nucleophilic aromatic substitution reaction (SyAr). 


) 
GN СІ) NH, МН; 
<< У, oM S - 
| + NH — — | + Cl 
22 c 22 
N N N 


The second reaction is a one-step nucleophilic substitution reaction (5,2). 


SN, МН, 
Ф + NH ——> + C 
~ B ~ 
НО“ 
Doa dp + ве — (Ја = | ж Don 
N “№” “ӧн ? ` 0: 
Тће ћудпде юп 
is a better leaving 
group than 07. 
US H,O “ ~ 
HO + | — | —— | + H + HO 
N о N ^O м 0: 


2-pyridone 
b. 4-Pyridone is also formed because nucleophilic addition of hydroxide ion can take place at the 
4-position as well as at the 2-position. It proceeds by the same mechanism as the one shown in part a 
for the formation of 2-pyridone. 


4-pyridone 


13. It is easiest to remove a proton from the methyl group of the N-alkylated pyridine because the electrons left 
behind when the proton is removed can be delocalized onto the positively charged nitrogen. (A positively 
charged nitrogen more readily accepts the delocalized electrons than does a neutral nitrogen.) 

It is easier to remove a proton from 4-methylpyridine than from 3-methylpyridine because in the former, 
the electrons left behind when the proton is removed can be delocalized onto the electronegative nitrogen. 
In contrast, in 3-methylpyridine the electrons can be delocalized onto only carbons. 


CH; CH; 
ES SS уз 
| > > | 
22 zc 27 
+М i N N 
| 
СЊСНз 
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There аге three possible sites for electrophilic substitution: С-2, C-4, and C-5. To determine the major 
product, compare the relative stabilities of the carbocations formed in the first step of the reaction. 


Substitution at C-2 


"Драве Вг ed —FeBr, KY \ Fw Г \ 
e 3 


М ANCHS 5 s= "Y. =— N » Cuin 


Br Br Br 


Substitution at C-2 forms an intermediate with three resonance contributors; all the atoms in one contribu- 
tor have complete octets and a positive charge on N; one contributor has a carbon with an incomplete octet, 
and one has a nitrogen with an incomplete octet. 


Substitution at C-4 


Br Br 
с MR (Хы. v2 га 
р : Br —Br —FeBr; у : 2 
СНз == {М ~, Са AE Nav NCH3 


Substitution at C-4 forms an intermediate with two resonance contributors; all the atoms in one contributor 
have complete octets and a positive charge on N; one contributor has a carbon with an incomplete octet. 


Substitution at C-5 


Br Br Br 
rÁ , Cy —FBn | E = F 


"М МН: Ма NCH — iN NCH; -— : у NCH3 


Substitution at C-5 forms an intermediate with three resonance contributors; all the atoms in one con- 
tributor have complete octets and a positive charge on N; two contributors have a carbon with an 
incomplete octet. 


Substitution at C-4 forms the least stable intermediate because it has only two of the three resonance con- 
tributors that the others have. Substitution at C-5 forms the most stable intermediate because a positively 
charged carbon with an incomplete octet is more stable than a positively charged nitrogen with an incom- 
plete octet. 


Therefore, the major product of the reaction is 5-bromo-N-methylimidazole. 
Br 


МА „МСЊ 


WU 
5-bromo-N-methylimidazole 
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15. 


16. 


17. 


18. 


Chapter 19 
Pyrrole and imidazole аге both more reactive than benzene because each reacts with an electrophile to form а 
carbocation intermediate that is stabilized by resonance electron donation into the ring by a nitrogen atom. 


Ругтоје is more reactive than imidazole because the second nitrogen atom of imidazole cannot donate elec- 
trons into the ring by resonance but can withdraw electrons from the ring inductively. 


D > O 


H 
pyrrole imidazole benzene 


Imidazole forms intermolecular hydrogen bonds, whereas N-methylimidazole cannot form hydrogen bonds 
because it does not have a hydrogen bonded to a nitrogen. 


Because the hydrogen bonds have to be broken in order for the compound to boil, imidazole has a higher 
boiling point. 


FA (== am а a 


--H—N, МЕНЕМ „М--н—М ON HNN BN Ne 
CH,—N. N CH,—N.ZN СНМ „М CH—N М CH,—N, М 


The second nitrogen in imidazole, onto which the electrons left behind when the proton is removed can be 
delocalized, causes imidazole to be a stronger acid than pyrrole because nitrogen is more electronegative 


than carbon. 
T [ \ 
| М 


Bx УН ВН 
imidazole pyrrole 
pK, = 14.4 pK, = 17 


For the derivation of the equation used in this problem, see Special Topic I in this Study Guide and 
Solutions Manual. 


fraction of imidazole in the acidic form = ——————— 
K, + [Н*] 


pH = 74; [Н+] = 40 x 10-8 

pK, = 6.8; K, = 1.58 X 1077 (see Table 20.1) 
4.0 x 1078 

1.58 X 1077 + 4.0 x 1078 

4.0 x 1078 

1.98 x 1077 

= 0.20 


percent of imidazole in the acidic form — 2096 


fraction of imidazole in the acidic form — 
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20. 


21. 


22. 
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OH NH, 
N7 N №2 
НМ N N HO N 
enol form of guanine enol form of cytosine 


The second nitrogen in protonated pyrimidine (that withdraws electrons inductively) causes it to be a 
stronger acid than protonated pyridine. 


| a 
le + 5 + 
М М 
Н Н 
protonated pyrimidine protonated pyridine 
pK, = 1.0 pK, =5.2 
а. 2-methylazacyclobutane or 2-methylazetidine 
b. 2,3-dimethylazacyclohexane or 2,3-dimethylpiperidine 
c. 3-chloropyrrole 
d. 2-ethyl-5-methylazacyclohexane or 2-ethyl-5-methylpiperidine 
a. 


О 
| | 
фе f. NH,CH)CH,CH; Bro 


b. Su. g 
H 


О 


с. CH;CH,CH,CH,CH,NH, 


won (у 2 


O 3 
N CH5CH;CH;CH; 


f | | Ap m 


/ 
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23. 


25. 


Chapter 19 
Н 

=й N+ N 
ОБО > 
М + 
Z N N N N N N N 
H H H H Z PON H H H 
A B C D E F G 


А is the most acidic, because it becomes aromatic when it loses a proton. 
B, C, and D are the next most acidic, because in all three, the proton is bonded to a positively charged nitrogen. 


B and С are more acidic than D, because in B and C, the proton to be lost is bonded to an sp? nitrogen, 
which is more electronegative than the sp? nitrogen in D. 


B is more acidic than C, because the uncharged nitrogen in C can donate electrons by resonance to the positively 
charged nitrogen, which stabilizes the protonated form since the positive charge is shared by two nitrogens. 


Neutral compounds E, F, and G are the least acidic. E and F are more acidic than G, because E and F lose 
a proton from an sp? nitrogen, whereas a proton is lost from a less electronegative sp? nitrogen in G. 


E is more acidic than F, because the negative charge on E's conjugate base can be delocalized onto the 
second nitrogen. 


The compound on the right (the compound shown below) is easier to decarboxylate, because the electrons 
left behind when CO; is removed can be delocalized onto nitrogen, forming a stable neutral species as a 
result of proton donation to nitrogen. The electrons left behind when the other compound loses CO, cannot 


be delocalized. 
SS SS 
| — | + СО, 
М 
Н 


М ye 


CC 
H+0~ “о 


The N-, O-, and S-substituted benzenes have the same relative reactivity toward electrophilic aromatic 
substitution as the N-, O-, and S-containing five-membered heterocyclic rings and for the same reason. 


NHCH; OCH; SCH; 
on - | 


The N-substituted benzene is more reactive than the O-substituted benzene, because nitrogen is more 
effective than oxygen at donating electrons into the benzene ring since it is less electronegative than 
oxygen. (Recall that electrophilic substitution is aided by electron donation to the ring because it stabilizes 
the carbocation formed in the rate-limiting step.) 


The S-substituted benzene is the least reactive because the lone-pair electrons of sulfur are in a 3p orbital, 
whereas the lone-pair electrons of nitrogen and oxygen are in a 2p orbital. Electron delocalization by over- 
lap of the 3p orbital of sulfur and the 2p orbital of carbon is less effective than electron delocalization by 
overlap of the 2p orbital of nitrogen and the 2p orbital of carbon. 
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26. By comparing the carbocation intermediates formed in the rate-determining step when the amino-substituted 
compound undergoes electrophilic substitution at C-3 and C-4, you can see that the carbocation formed in 
the case of substitution at C-3 is more stable; one of its resonance contributors is relatively stable because it 
is the only one that does not have an atom with an incomplete octet. As a result, the amino-substituted com- 
pound undergoes electrophilic substitution predominantly at C-3. Therefore, the keto-substituted compound 
is the one that undergoes electrophilic substitution predominantly at C-4. 


Ү Ү Ү 
| 
а —— (x — A 
N NHR N NHR N NHR 
+ 


substitution at a 


N NHR Ne. | 
substitution at С-3 + 
Z Y Z Y | Y 
У t + БУЛ 2 
М МНЕ М NHR N NHR 


Z Y 
us 


N NHR 
E 


relatively stable 


27. a. The Lewis acid, АІСІ,, complexes with nitrogen, causing the aziridine ring to open when it is attacked 
by the nucleophilic benzene ring. The ring will open in the direction that puts the partial positive 
charge on the more substituted carbon because it is more stable than the transition state that would 
have the positive charge on the less substituted carbon. 


Therefore, the major and minor products are those shown. 
[n св 
CHCH,NHCH; CH;CHNHCH; 


major minor 


b. Yes, epoxides can undergo similar reactions. 
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28. The electrophile adds preferentially to the 2-position. 


nL 

| - 
бу — АЛ \- p 
LOS ЗЕ 
N+ T PS 

B H 


px para-(N,N-dimethylamino)- 
benzaldehyde | 


Н 
- :ÓH 
JE ои CH; Г \ CH; 
(я у = Ди 
Н 


| \ | à 
ü | CH; H CH; 
CH 
H H СН» 
Repeat the 
previous series | О СН» 
of reactions | uf 
adding tothe | НС N 
5-position of “сн, 
the pyrrole ring. 
H3C Нз 
\ о ~ =) 
М 
/ = 
H3C HO” о 


colored ER 


29. Oxygen is the negative end of the dipole in both compounds. Tetrahydrofuran has the greater dipole 
moment because the effect of the electron-withdrawing oxygen in furan is decreased by the ability of 
oxygen to donate electrons by resonance into the ring. 


ГО 18 


Q Q 
tetrahydrofuran furan 
1.73 D 0.70 D 
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31. 


32. 


33. 


34. 
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а. 4-chloro-3-isopropylpyridine 
b. 2-isopropyl-3-methylazacyclopropane 
c. 4-ethyl-2,2,3-trimethyloxacyclobutane 


The products of the reaction show that the hydrogen is removed from the B-carbon that is bonded to the 
most hydrogens. Therefore, we can conclude that the transition state has a carbanion-like one. (See page 
417 in the text.) 

CH; CH; 


| 
a. CHN + CH= CHCH, c. CH=CH, + N 


OH OH CH; 
ш d. пена во ено 
р. CH3N + СН›==СНСН; ОН 


The carbon of the methyl group is the 
В-сагбоп that is bonded to the most 
hydrogens. 


a. The increase in the electron density of the ring as a result of resonance electron donation by oxygen 
causes pyridine-N-oxide to be more reactive toward electrophilic aromatic substitution than pyridine 
because the extra electron density stabilizes the carbocation intermediate. 


BS 2 
ЖЫ es г 
| | 
02 :0: 


b. In Section 18.13, we saw that substituents that are able to donate electrons by resonance into the ring 
are ortho/para directors. Therefore, pyridine-N-oxide will undergo electrophilic aromatic substitution 
at the 2- and 4-positions. Because the 2-positions are somewhat sterically hindered, pyridine-N-oxide 
undergoes electrophilic substitution primarily at the 4-position. 


Pyrrolidine is a saturated nonaromatic compound, whereas pyrrole and pyridine are unsaturated aromatic 
compounds. The C-2 hydrogens of pyrrolidine are at 6 2.82 ppm, about where one would expect the signal 
for hydrogens bonded to an sp? carbon adjacent to an electron-withdrawing amino group. 


The C-2 hydrogens of pyrrole and pyridine are expected to be at a higher frequency because of diamagnetic 
anisotropy (Section 14.8). Because the nitrogen of pyrrole donates electrons into the ring and the nitrogen of 
pyridine withdraws electrons from the ring, the C-2 hydrogens of pyrrole are in an environment with a greater 
electron density, so they should show a signal at a lower frequency relative to the C-2 hydrogens of pyridine. 
Thus, the C-2 hydrogens of pyrrole аге at 6 6.42 ppm, and the C-2 hydrogens of pyridine are at 6 8.50 ppm. 
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35. 


36. 


Chapter 19 
A UV spectrum results from the т electron system. The lone-pair electrons on the nitrogen in aniline are ("^ 


delocalized into the benzene ring and, therefore, are part of the т system. Protonation of aniline removes 
two electrons from the 7 system. This has a significant effect on its UV spectrum. 


CY HCI CY + СЇ 


The lone-pair electrons on the nitrogen atom in pyridine are sp? electrons and thus аге not part of the т 
system. Protonation of pyridine, therefore, does not remove any electrons from the 7 system and has only 
a minor effect on the UV spectrum. 


ME 
Si < + 


When ammonia loses a proton, the electrons left behind remain on nitrogen. 


NH, + В— МН, + HB* 
When pyrrole loses a proton, the electrons left behind can be delocalized onto the four ring carbons. 


Electron delocalization stabilizes the anion and makes it easier to form. Recall that stabilizing the base ~ 
increases the acidity of its conjugate acid. 


трн ee eee 
N N N N N N 
Н +:B NE + нв" Фе oe ее 2. 
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37. The electrophile adds preferentially to the 2-position. 


De 


N М ~CH,OH CH;ÜH 
H | Н 
cues | 
њСс=0: 
T Y 
N/ "cH, COH 
H H 


` / 
Н 
VA H H H H 
+ H,O 


38. Before we can answer the questions, we must figure out the mechanism of the reaction. Once the mecha- 
nism is known, it will be relatively easy to determine how a change in a reactant will affect the product. 
The mechanism is shown below. 


Propenal, ап @,-unsaturated aldehyde, undergoes a conjugate addition reaction with aniline. This is fol- 
lowed by an intramolecular electrophilic aromatic substitution reaction. Dehydration of the alcohol results 
in 1,2-dihydroquinoline, which is oxidized to quinoline by nitrobenzene. 


< na л : 
|| 2. y Ly н-в' OH 
nM" d al 
Oh поре: 
CH, > — — 
СН 
МН a N N 
Z YN и +3 Z*N 
H H H H H Ny B 
OH в» OH 
H 
GOL. oxidation CX dehydration 
with 
CsHsNO2 N N А 
H H H 
+ НО 
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€ — $ —P > 
HO —— HO =—— НЭ 
yA ott Nt 
О О О 
+9—-Н > | 
‘но. „Ө H ено. (FO. но HO 
a> f 
= = H 
A — By — 3 Ды, 
О 
д НТ 
| T as 
нә LG. но EHO МӘ но ено. © дно 
“ee KF = £j 
НО. :О°Н iD 
ч ~ / 
к g--H 
Ма ч] 
‘uontsod-¢ ay} о} sppe опцдологјо ou[, ‘e '6€ 
eur[ournb[Auour-c -[Áuorp-/ "7 [puojuod-z-|Aqour-c eui[rue[Áuo-pj2u! 
© э 
HOHO, „№ НОНО “HƏ ii HN НОНО 
LO - 4 Q 
Ено “ *HOO H 
ми 
2 
|| 
O А: 
*HOCHO 
Ноно их a "HN 
En || 
£ е, 
<<. HO „но q 
| 
€ 
HƏ Ó 
N но “НК 
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NV 
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b. The electrophile adds preferentially to the 2-position. 


Г] DES а. снн " — До 
б о Br сну р 


^ CHO 
s J | 
Dyn по ge hp 
+ (27 
СНО О OCH; CH30 О dos 0 О 
Н 
В: / 
O O 
i i 
N N 
40. a. CH CH 
{ ( * HNO; ya " 
О ON 


You can see why the nitro substituent goes to this position by examining the relative stabilities of the pos- 
sible carbocation intermediates. 


О О 
|| | | | 
С 


С C C 
[1 Nch, И IS “ен, LS “сн, „СУ “сн 
——> — — + — >, 
+ 


The carbocation has three resonance contributors. 


O 


o 


О 
у. У 
гъ», TY jw 
—^ + — NN " 
O О О 
The carbocation has two resonance contributors 
O O 
| | \ |] 
N N N 
N CH g | * CH = СН» — CH; 
— у — + у —=— Хх + у 
О О О О 
relatively 
unstable 


The carbocation has three resonance contributors, but the first 
one is relatively unstable because the positive charge is on 
the carbon attached to the electron-withdrawing substituent. 
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A — (3 e C 
N O N OH 
H 


Chapter 19 


Br 
b. (y ов (A \ 
67 NOz 57 NO, 


You can understand why the bromo substituent goes to this position by examining the relative stabili- 
ties of the possible carbocation intermediates. 


y+ + == == 
об 
NO, Y NO, Y А МО; УМЕ мо; 


5 S 
relatively 
unstable 
Y Y 
Yt 
Oe А 
У Ү 
yt 
О. ~ О. = А 
5 МО» $ МО; S NO? 
relatively 
unstable 
s pe |“ 
CH3N CH3N CH3N:5 
we | | 
22 + 22 “a 
N E: N 
CH; 


The other nitrogen is not alkylated, because its lone pair is delocalized into the pyridine ring. Therefore, 
it is not available to react with the alkyl halide. 


N Cl 


PCI; substitutes a Cl for an OH, as it does in alcohols and carboxylic acids. 
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e. In the first step, hydroxide ion removes the most acidic hydrogen from the compound. A hydrogen 
bonded to the C-4 methyl group is the most acidic hydrogen because the electrons left behind when 
the proton is removed can be delocalized onto the positively charged nitrogen of the pyridine ring. 


CH3 А СН›СН;О CH;CH;OH 
22 РУЛ 22 22 
i i hii " 
f. | \ + CH3;CH27MgBr —- { \ + CHCH, + Мр" + Br 
a N 
H 
41 Сн тв 
(omes + O—C —C$Hs5 ЕЕЕ? 
:В 
СН; C C6H5 | 
CH с СН é | 
2 H 2 — 
\ \ Lo 2 
NH NH C 
NH; ( — NH —— NH--NH--C — СН; 
н-Сӊз+ C i 
H--B* 
СН; 
и 
2—С 
№) 
| NH? 
NH; —— 
CH 
У 6115 
NH —— 
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О 
[| 
42. а. (yes + CH3CCH;CH; c. NHNH) + О 
| 
b. (yes + CH4CH;CH;CH 


43. — Pe С+- 
нс=06: НС==ОВЕ» в: "en 
BF ^ MH ОВЕ :OBF 
CH - CH 
H | 
f \ bis сн; 
à | 
N 
H H 
j (ОВЕ; 
А 7 
N CH 
H | 
CeHs 


Ñ 
| Repeat two more times. 
Е езер 


бн, бн, бн, 


1. Repeat with benzaldehyde. 


2. Instead of using another molecule of pyrrole, 
do an intramolecular reaction with the pyrrole 
at the end of the chain. 


tetraphenylporphyrin 
а. | \ HNO; lAo, ae ON, 1. HNOs, H,SO, AM 
S H2SO, 2. НО" O,N S NH; 
b. NO NH NH 
| SS HNO; | ~ 2 | < 2 | BS 2 
NÁ HS0; NÍ м7 n Br м7 
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Chapter 19 Practice Test 


Give two names for the following compounds: 


H3C CH;CH Br 
| | ti ° С) | | | i CT 
N ( | 
N CH N 


i 
a. С + 2CH3CHNH, 
CH,” “с 
O 
b. trace 
ž E acid 
N 
H 
2 | В ЕеВгз 
с. + 7 ^ 300€ 
S 300 °C 
N 
І 
а. | + СН 


а. О с. u 22 | 
ree ым” М 
М Н Н 


М 

ZN и N 

H H H H 

b. С) 277" д. | \ or ( \ 

+ or St | N N 
N N 

YN H 

H H 


Copyright © 2017 Pearson Education, Inc. 


671 


672 Chapter 19 


4. Indicate whether each of the following statements is true or false: 


a. 4-Chloropyridine is more reactive toward nucleophilic aromatic substitution 
than is 3-chloropyrrole. 


b. Pyrrole is more reactive toward electrophilic aromatic substitution than 
is furan. 


c. Pyrrole is more reactive toward electrophilic aromatic substitution 
than is benzene 


d. Pyridine is more reactive toward electrophilic aromatic substitution 
than is benzene. 


5. Show how the following compound can be prepared from the given starting material: 
5 5 
OH 
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The Organic Chemistry of Carbohydrates 


Important Terms 


aldaric acid 


alditol 


aldonic acid 


aldose 

amino sugar 
anomeric carbon 
anomeric effect 


anomers 


bioorganic compound 
carbohydrate 

complex carbohydrate 
deoxy sugar 
disaccharide 

enediol rearrangement 


epimerization 


epimers 
furanose 
furanoside 
glycoprotein 


glycoside 


the compound that results when the aldehyde and primary alcohol groups of an 
aldose are oxidized to carboxylic acids. 


the compound that results when the carbonyl group of an aldose is reduced to an 
alcohol. 


the compound that results when the aldehyde group of an aldose is oxidized to a 
carboxylic acid. 


a polyhydroxy aldehyde. 

a sugar in which one of the OH groups is replaced by an МН) group. 

the carbon in a cyclic sugar that is the carbonyl carbon in the straight-chain form. 
preference for the axial position by substituents bonded to the anomeric carbon. 


two cyclic sugars that differ in configuration only at the carbon that is the carbonyl 
carbon in the straight-chain form. 


an organic compound found in a living system. 

a sugar, a saccharide. Naturally occurring carbohydrates have the D-configuration. 
a carbohydrate that contains two or more sugar molecules linked together. 

a sugar in which one of the OH groups has been replaced by a hydrogen. 

a compound containing two sugar molecules linked together. 

a base-catalyzed reaction that interconverts monosaccharides. 


changing the configuration of a carbon by removing a proton and then 
reprotonating it. 


monosaccharides that differ in configuration at only one carbon. 
a five-membered ring sugar. 

a five-membered ring glycoside. 

a protein that is covalently bonded to an oligosaccharide. 


the acetal of a sugar. 


673 
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N-glycoside 
glycosidic bond 


a-1,4’-glycosidic linkage 


a-1,6'-glycosidic linkage 


B-1,4' -glycosidic linkage 


Haworth projection 


heptose 
hexose 
ketose 


Kiliani-Fischer synthesis 


molecular recognition 
monosaccharide 
mutarotation 


nonreducing sugar 


oligosaccharide 
oxocarbenium ion 
pentose 
polysaccharide 
pyranose 


pyranoside 


a glycoside with a nitrogen instead of an oxygen at the glycosidic linkage. 


the bond between the anomeric carbon of a sugar and an alcohol. 


a glycosidic linkage between the C-1 of one sugar and the C-4 of a second sugar 
with the oxygen atom at C-1 in the axial position. 


a glycosidic linkage between the C-1 of one sugar and the C-6 of a second sugar 
with the oxygen atom at C-1 in the axial position. 


a glycosidic linkage between the C-1 of one sugar and the C-4 of a second sugar 
with the oxygen atom at C-1 in the equatorial position. 


a way to show the structure of a sugar in which the five- and six-membered rings 
are represented as being flat. 


a monosaccharide with seven carbons. 
a monosaccharide with six carbons. 
a polyhydroxy ketone. 


a method used to increase the number of carbons in an aldose by one, resulting in 
the formation of a pair of C-2 epimers. 


the recognition of one molecule by another as a result of specific interactions. 
a single sugar molecule. 
a slow change in optical rotation to an equilibrium value. 


a sugar that cannot be oxidized by reagents such as Аг" or Вг,. Nonreducing 
sugars are not in equilibrium with the open-chain aldose or ketose. 


3 to 10 sugar molecules linked by glycosidic bonds. 

an ion in which the positive charge is shared by a carbon and an oxygen. 
a monosaccharide with five carbons. 

a compound containing 10 or more sugar molecules linked together. 

a six-membered ring sugar. 


a six-membered ring glycoside. 
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reducing sugar 


simple carbohydrate 
tetrose 
triose 


Wohl degradation 
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a sugar that can be oxidized by reagents such as Аг" or Br,. Reducing sugars аге 
in equilibrium with the open-chain aldose or ketose forms. 


a single sugar molecule. 
a monosaccharide with four carbons. 
a monosaccharide with three carbons. 


a method used to shorten an aldose by one carbon. 
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Solutions to Problems 


1. 


D-Ribose is an aldopentose. 
D-Sedoheptulose is a ketoheptose. 
D-Mannose is an aldohexose. 


Notice that an L-sugar is the mirror image of a D-sugar. 


~ х CHOH 
HO H | =0 
Н ОН Н ОН 
НО H HO H 
HO H HO H 
CH;0H СНОН 
L-glucose L-fructose 


First determine whether the structure represents R-glyceraldehyde or S-glyceraldehyde. Then, because R-glyc- 


eraldehyde = p-glyceraldehyde and S-glyceraldehyde = L-glyceraldehyde, you can answer the question. 


H O 
\ 4 
С Н CHOH 
a. носн,—Гон Ь. но—|--сњон с. нон 
Н С С 
IN YN 
H No H No 
L-glyceraldehyde L-glyceraldehyde D-glyceraldehyde 


a. enantiomers because they are mirror images 
b. diastereomers because the configuration of one asymmetric center is the same in both and the configu- 
ration of the other asymmetric center is the opposite in both 


a. D-ribose b. r-talose с. L-allose d. L-ribose 


а. D-glucose = (2R,3S,4R,5R)-2,3,4,5,6-pentahydroxyhexanal 


b. Because D-mannose is the C-2 epimer of D-glucose, the systematic name of D-mannose can be obtained 


just by changing the configuration of the C-2 carbon in the systematic name of D-glucose. 
D-mannose = (2$,3S,AR,SR)-2,3,4,5,6-pentahydroxyhexanal 


c. D-Galactose is the C-4 epimer of p-glucose. Therefore, each of its carbon atoms, except C-4, has the 
same configuration as it has in D-glucose. 


D-galactose = (2R,3S,4S,5R)-2,3,4,5,6-pentahydroxyhexanal 


d. L-Glucose is the mirror image of D-glucose, so each carbon in L-glucose has the opposite configuration 
to that in D-glucose. 


L-glucose = (25,3К,45,55 )-2,3,4,5,6-репгаћудгохућехапа! 
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D-psicose 


a. A ketoheptose has four asymmetric centers (2* = 16 stereoisomers). 
b. An aldoheptose has five asymmetric centers (2? = 32 stereoisomers ). 


c. A ketotriose does not have an asymmetric center; therefore, it has no stereoisomers. 


Ea ae Е £3 н па ноћ Н CHOH 
с=0 C—O: C—OH C— OH 
HO Da нй нос ADAM. NEN 97€ 
H он 0 н OH H—}— OH H OH 
H OH H OH H OH H OH 
CHOH CH;0H CH;OH CH;OH 
D-fructose an enolate ion an enediol | 
НО СНОН 
е 
о=© 
Н ОН 
Н ОН 
СН»ОН 
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10. Removal of an a-hydrogen creates ап enol that can enolize back to the ketone (using the ОН at С-2) ог can 
enolize to an aldehyde (using the OH at C-1). The aldehyde has a new asymmetric center (indicated by an +); 
one of the epimers is D-glucose, and the other is D-mannose. 


i fS 


| • oe 
(CHOH CHOH сн—б-н ӧн 
M | 4c f [| 
НО H HO: HO H H HO H 
H OH њо H OH H OH 
H OH H OH H OH 
СН»ОН СН»ОН СН»ОН 
D-fructose | 
H O 
и Md 
i ү е 
HO *CHOH HO» H C—OH 
HO H HO H 
H OH H OH 
H OH H OH 
CH;OH CH;OH 
D-glucose 
D-mannose 


Copyright О 2017 Pearson Education, Inc. 


Chapter 20 679 


11. D-talose and D-galactose in addition to D-tagatose and D-sorbose. 
СНОН CH— OH СЊОН 
= С— ОН = ОН 
HO H nos HO H | — OH 
НО H но HO H ii HO H 
H OH H OH H OH 
CH;OH CH;OH CH,OH 
D-tagatose 
H20|| но” H30 | но" 
H 
“4 ЕД СЊОН _ CH,OH 
HO H H OH C=O C—O 
HO H HO H HO H H OH 
HO H * HO H HO H * HO H 
H OH H OH H OH H OH 
CH;0H СНОН CHOH CH,OH 
D-talose D-galactose D-tagatose D-sorbose 
12. a. When D-idose is reduced, D-iditol is formed. 
Ка СНОН 
НО Н НО H 
H OH 1. NaBH, H OH 
HO и D НО Н 
Н ОН Н OH 
CHOH CHOH 
D-idose D-iditol 
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b. When р-ѕогроѕе is reduced, C-2 becomes ап asymmetric center, so both p-iditol and the C-2 epimer of 


D-iditol (D-gulitol) are formed. 


СНОН СН2ОН 
C—O HO H 
H OH 1. NaBH, H OH 
HO н 280 HO H 
H OH H OH 
CH;0H СЊОН 
D-sorbose D-iditol 


СЊОН 

Н ОН 

Н OH 

+ 
HO H 

H OH 
СНОН 

D-gulitol 


13. a. 1. p-Altrose is reduced to the same alditol that D-talose is reduced to. The easiest way to answer this 


question is to draw D-talose and its alditol. Then draw the monosaccharide with the same configu- 
ration at C-2, C-3, C-4, and C-5 as p-talose, reversing the functional groups at C-1 and C-6. (Put 
the primary alcohol group at the top and the aldehyde group at the bottom.) When this structure is 
rotated 180° in the plane of the paper, the monosaccharide can be identified. 


H О Н О 
NF \ 4 
С CH,OH CHOH C 
HO H HO H HO H HO H 
HO H 1. NaBH, НО H 1. NaBH, НО Н rotate 180° Н ОН 
НО н 260 HO н 240° но H H OH 
H OH H OH H OH H OH 
СЊОН CH,OH С 
2 2 У CH;0H 
D-talose the alditol of D-talose О H D-altrose 


L-Gulose is reduced to the same alditol that D-glucose is reduced to. 


H O H O 
\ 4 КУЛ 
С CH,OH CH,0H С 
H OH H OH H OH HO H 
HO Н јмавн, HO Н — (wg, НО ji rotate 180° HO ý 
H OH но» H OH 2.H,0* Н OH H OH 
H OH H OH H OH HO H 
CH,OH 
2 CH,OH 2 CH,OH 
D-glucose the alditol of О H L-gulose 
D-glucose 
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L-Galactose is reduced to the same alditol that D-galactose is reduced to. 


H 
\ CH;OH 
H OH H OH 
HO H 1. NaBH, НО H 
HO н 290" но H 
H OH H OH 
CH;OH CH;OH 


D-galactose 


the alditol of D-galactose 
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H О 
`2 
CHOH C 
H OH HO H 
1. NaBH, НО H rotate 180° H OH 
2H0' но H H OH 
H OH HO H 
С H 
ЖА СН»ОН 
О Н 


L-galactose 


The ketohexose (D-tagatose) with the same configuration at C-3, C-4, and C-5 as p-talose forms 
the same alditol (D-talitol) that p-talose forms. The other alditol (D-galactitol) that is formed has 


the opposite configuration at C-2. 


pom 
С=0 
НО Н 


ОН 


CHOH 
D-tagatose 


CHOH 
HO H 
HO H 
HO H 
H OH 
СНОН 
D-talitol 


CH,OH 
H OH 
HO H 
+ 
HO H 
H OH 
CH;OH 


D-galactitol 


2. Similarly, the ketohexose (D-psicose) with the same configuration at C-3, C-4, and C-5 as p-allose 


forms the same alditol that p-allose forms. The other alditol (p-altritol) that is formed has the 


opposite configuration at C-2. 


CHOH CHOH 

| =0 Н ОН 

Н OH 1. NaBH, H OH 

H OH 2160" H OH 

H OH H OH 

CH;0H CHOH 
D-psicose D-allitol 
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HO H 
H OH 

+ 

Н ОН 
Н OH 
CHOH 

D-altritol 
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14. a. L-gulose (Note the similarity of this problem to Problem 13. a. 2.) 


H О НО О Н О 
А Хе CH,OH Nee 

H OH H OH H OH HO H 

HO H ню, НО H нмо, HO Н гоае180° НО Н 
н—--он ^^ H—j—OH “А н——он ____н—-он 

Н OH H OH H OH HO H 
CH,OH 2 Pss , f. CH,OH 

D-glucose L-gulose 


D-glucaric acid 


b. 1-Ошапс acid because it is also the oxidation product of L-gulose. 
c. D-allose and L-allose, D-altrose and D-talose, L-altrose and L-talose, D-galactose and L-galactose 

15. The monosaccharides are the aldoses with one additional carbon that are C-2 epimers and whose other 
asymmetric centers have the same configuration as the given aldose. 


a. D-gulose and D-idose b. L-xylose and L-lyxose 


16. The monosaccharides are the aldoses whose C-1 carbon has been removed, whose C-2 carbon has been con- 
verted to an aldehyde, and whose other asymmetric centers have the same configuration as the given aldose. 


a. D-allose and p-altrose b. D-glucose and D-mannose c. L-allose and L-altrose 
17. Solved in the text. 
18. H О Н О 
\ 4 и 
C но 
\ 4 
H OH HO H С Н О 
и 
НО Н НО Н НО Н С 
Н ОН Н ОН Н ОН Н ОН 
Н ОН Н ОН Н ОН Н ОН 
CH;OH CH;OH CH;OH CH;OH 
D-glucose D-mannose D-arabinose D-erythrose 
А B С р 
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19. The hemiacetals in a апа ђ have one asymmetric center; therefore, each has two stereoisomers. The hemi- 
acetals in с and b have two asymmetric centers; therefore, each has four stereoisomers. 


a. Solved in the text. 


b. ^ 
Он 

0 OH oH 

ZORO 
H OH 


CH3CH,CH, 
O 


H3C о ОН 


ОН 
C) CJ 
ИС ОН Н.С 


СЊСЊСНо ОН 
О 


OH OH 


CH;CH;CH; 


20. a. 


b. О СНОН 
| ОННО 


НО OH 


О О 
ОН НО 
НО OH HO OH 
OH 


OH 


a-L-glucose 
the mirror image of «-D-glucose 


a-D-glucose 


CH;OH 


21. 
HO H 
О 
H 
OH 
O 


H 
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22. H О 


Ne 
о Н о OH 
H OH 
H OH OH H 
CHOH OH OH OH OH 
D-erythrose &-D-erythrofuranose p-D-erythrofuranose 
23. First recall that in the chair conformation, an a-anomer has the anomeric OH group in the axial position 


and a B-anomer has the anomeric OH group in the equatorial position. Then recall that glucose has all of 
its OH groups in equatorial positions. Now this question can be answered easily. 


All the OH groups in -D-glucose are in equatorial positions. Because B-D-mannose is a C-2 epimer of 
B-p-glucose, the C-2 OH group of B-D-mannose is the only one in the axial position. 
24. a. D-Idose differs in configuration from D-glucose at C-2, C-3, and C-4. Therefore, the OH groups at C-2, 
C-3, and С-4 in B-D-idose are in axial positions. 


b. p-Allose is a C-3 epimer of D-glucose. Therefore, the OH group at C-3 is in the axial position and 
because it is the a-anomer, the OH group at C-1 (the anomeric carbon) is also in the axial position. 


25. НО сн,он HO сн,он HO сн,он 
О CH,CH,OH О О 
HO OH “нс но OCH;CH, * но H 
OH OH OH 
H H OCH,CH; 
B-D-galactose ethyl B-D-galactoside ethyl a-D-galactoside 


26. If more than a trace amount of acid is used, the amine that acts as a nucleophile when it forms the 
N-glycoside becomes protonated, and a protonated amine is not a nucleophile. 


27. Solved in the text. 


28. a. a-D-talose (or a-D-talopyranose) (reducing; it is a hemiacetal) 
b. methyl a-p-galactoside (or methyl a-D-galactopyranoside) (nonreducing; it is an acetal) 
c. ethyl 8-p-psicoside (or ethyl 8-D-psicofuranoside) (nonreducing; it is an acetal) 
29. specific rotation of glucose + specific rotation of fructose = —22.0 
+52.7 + specific rotation of fructose = —22.0 
specific rotation of fructose = —22.0 + (—52.7) 
specific rotation of fructose — —74.7 


30. a. Both sugars in the disaccharide are glucose. 


b. Itisa 1,6'-glycosidic linkage. 
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a. Amylose has a-1,4'-glycosidic linkages, whereas cellulose has B-1,4’-glycosidic linkages. 


b. Amylose has a-1,4'-glycosidic linkages, whereas amylopectin has both a-1,4'-glycosidic linkages 
and a-1,6'-glycosidic linkages. 


c. Glycogen and amylopectin have the same kind of linkages, but glycogen has a higher frequency of 
a-1,6'-glycosidic linkages. 


d. Cellulose has a hydroxy group at C-2, whereas chitin has an N-acetyl amino group at that position. 


А proton is more easily lost from the C-3 OH group because the electrons that are left behind when the 
proton is removed are delocalized onto an oxygen. When a proton is removed from the C-2 OH group, the 
electrons that are left behind are delocalized onto a carbon. Because oxygen is more electronegative than 
carbon, a negatively charged oxygen is more stable than a negatively charged carbon. Recall that the more 
stable the base, the stronger its conjugate acid. 


CHjOH CHOH 
H OH 
О б: 
О ОН 


НО oD С-2 


a. People with type О blood can receive blood only from other people with type O blood because types 


A, B, and AB blood have sugar components that type O blood does not have. 


b. People with type AB blood can give blood only to other people with type AB blood because type AB 


blood has sugar components that types A, B, and O blood do not have. 
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34. а. СООН b. СОО" с. CHOH d. 
H OH H OH H OH 
HO H HO H HO H 
HO H HO H HO H 
H OH H OH H OH 
COOH CH,OH CH;OH 
e. COO- f. OH OH 
CH;OH СНОН 
н—|-он 2 0 О 
+ 
Е HO ocH,cH, НО 
HO——H OH оп 
OCH;CH; 
H OH 
СНОН 
2 HC—O 
HO H 
HO H 
H OH 
CH;OH 
35. C-2 epimer = D-mannose C-4 epimer = D-galactose 
C-3 epimer = р-аПозе C-5 epimer = L-idose 
36. a. D-lyxose b. p-talose с. р-рѕісоѕе 
37. H О Н О 
\ 4 ЕА 
н 20 COOH COOH 
C Kiliani-Fischer H OH HO H H OH HO H 
HO H synthesis HO H + HO н © HO H + но H 
H OH H OH H OH H OH H OH 
CHOH CHOH CH;0H COOH COOH 
D-threose sugar A sugar B optically inactive optically active 
D-xylose D-lyxose 
38. a. D-ribose and L-ribose, D-arabinose and L-arabinose, D-xylose and L-xylose, D-lyxose and L-lyxose 


b. D-ribose and p-arabinose, D-xylose and D-lyxose, L-ribose and L-arabinose, L-xylose and L-lyxose 


с. D-arabinose, L-arabinose, D-lyxose, and L-lyxose 


39. a. 2К,35,АК,5К b. 2К,35,45,5К c. 2R,3R,4R d. 2К,35,4К e. 3R,45,5R 
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40. HOCH; HOCH; OCH 
О ор 
ОСН; 
НО ОН НО ОН 
methyl a-D-ribofuranose methyl B -D-ribofuranose 
О о OCH; 
НО OCH; HO 
HO OH HO OH 
methyl @-D-ribopyranose methyl 8-р-пборугапозе 
41. а. methyl 8-p-sorboside b. ethyl 8-p-guloside c. methyl a-D-idoside 


42. A monosaccharide with a molecular weight of 150 must have five carbons (5 Cs — 60, 5 Os — 80, and 
10 Hs — 10 for a total of 150). All aldopentoses are optically active. Therefore, the compound must be a 
ketopentose. The following is the only ketopentose that is not optically active. 

CH;0H 
H OH 

C—O 
нон 

CHOH 
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43. 
н Со H m HAPHE wx он u^ 
-— и “<” 
Hor | Г [HO 
C-H OH — OH C—Ó--H 
HO H HO H HO H 
H OH H OH H OH 
H OH H OH H OH 
CH,OH CH,OH CH,OH 
D-glucose 
IP HOF HÓ--H 
C A^ H- CHOH Свон 
| усн-он | а 
C—O? C=O |“ 
H OH H OH C—OH 
H OH H OH H OH 
H OH H OH H OH 
CH,OH CH,OH CH,OH 
| HO= 
н о-н H (OF 
\ А0 ^ У. На 7 
| HO--H—.C Ho С 
C— OH C—OH H OH 
H OH H OH H OH 
H OH H OH H OH 
H OH H OH H OH 
CH,OH CH,OH CH,OH 
D-allose 
44 но 
\ 4 
C H О 
N T 
H OH C 
H OH H OH 
H OH H OH 
СН»ОН СНОН 
D-ribose D-erythrose 
A B 
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HOCH, у ОН 
НО HO 
О 
НО О 
ОН 


The hexose is D-altrose. 
1. Knowing that (+)-glyceraldehyde is p-glyceraldehyde gives the configuration at C-5. 
2. Knowing that the second Wohl degradation gives p-erythrose gives the configuration at C-4. 


3. Knowing that the first Wohl degradation followed by oxidation gives an optically inactive aldaric acid 
gives the configuration at C-3. 


4. Knowing that the original hexose forms an optically active aldaric acid gives the configuration at C-2. 


о о. СР а 
НО Н 
Н OH H OH 
H OH H OH H OH 
H OH H OH H OH H OH 
CH;OH CH,OH CHOH CHOH 
D-altrose 
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48. There are two possible structures for an optically active five-carbon alditol formed from а Wohl degrada- 
tion of a D-hexose: 


CH,OH CH,OH 
HO H HO H 
H OH *HO H 
H OH H OH 
CH,OH CH,OH 
All OH groups are in equatorial positions. Only the starred OH group is in an axial position. 


The unknown aldohexose has only one OH group in an axial position. Therefore, the aldohexose that gives 
the alditol on the left needs to have the OH on C-2 pointing to the left (so it will be axial). The other aldo- 
hexose has an axial hydrogen, so it needs to have the OH on C-2 pointing to the right (so it will not be axial). 
The two possible aldoses are D-mannose and D-galactose: 


H Md # О B # О 
НО Н Н OH 
HO H HO H 

H OH *HO H 

H OH H OH 

CH,OH CH,OH 

D-mannose D-galactose 


If the two aldoses are reduced to alditols, the alditol of D-mannose will be optically active and the alditol of 
D-galactose will be optically inactive. 


CH,OH CH,OH 
HO H H OH 
HO H HO H 
H OH *HO H 
H OH H OH 
CH,OH CH,OH 
alditol of D-mannose alditol of p-galactose 


49. The hydrogen that is bonded to the anomeric carbon is the hydrogen that has its signal at the highest fre- 
quency, because it is the only hydrogen that is bonded to a carbon that is bonded to two oxygens. So the 
two anomeric hydrogen (one from the a-anomer and one from the В-апотег) are responsible for the two 
high-frequency doublets. 
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51. 
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COOH COOH 
O O 
OH OH 
ub ео 
ОН ОН 
the B-p-glucuronide the a-p-glucuronide 
HO О H О H O H О 
NG \ FG и \ 4 
С С С 
Н ОН Н ОН Н ОН НО Н 
б iliani-Fi 
H OH HNO; Н ОН Kiliani-Fischer H OH * H OH 
H OH H OH H OH H OH 
C CHOH H OH H OH 
o^ Хон 
СЊОН СН»ОН 
optically inactive A С В 
Wohl 
degradation HNO; ANGS 
HO O H O HO О НО О 
`2 NL `2 NL 
C C 
H OH H OH H OH HO H 
HNO 
H OH > ОН H OH + H OH 
e N H OH H OH 
О OH 
optically inactive D С С 
2 dN 
07 “он o^ OH 


optically inactive — optically active 


1. AsFischer did, we can narrow our search to eight aldohexoses because there are eight pairs of enantio- 
mers. First, we need to find ап aldopentose that forms (+ )-galactose as a product of a Kiliani—Fischer 
synthesis. That sugar is the one known as ( —)-lyxose. The Kiliani—Fischer synthesis on (—)-lyxose 
yields two sugars with melting points that show them to be the sugars known as (+)-galactose and 
( -)-talose. Now we know that (+)-galactose and (+)-talose аге C-2 epimers. The eight aldohexoses 
are sugars | and 2, 3 and 4, 5 and 6, or 7 and 8. (See page 954 of the text.) 


2. When (+)-galactose and (+)-talose react with HNO;, (+)-galactose forms an optically inactive 
aldaric acid and (+)-talose forms an optically active aldaric acid. Therefore, (+)-galactose and 
( 4-)-talose are sugars 1 and 2 or 7 and 8. Because (+)-galactose is the one that forms the optically 
inactive aldaric acid, it is either sugar 1 or 7. 
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3. To determine the structure of (+)-galactose, we can go back to ( —)-lyxose, the sugar that forms sug- 
ars 7 and 8 by a Kiliani-Fischer synthesis, and oxidize it with HNO3. Finding that the aldaric acid is 
optically active allows us to conclude that (+ )-galactose is sugar 7, because the aldopentose that leads 
to sugars 1 and 2 would give an optically inactive aldaric acid. 


H О Н О 


NA x 
H OH HO H 
HO H HO H 
HO H HO H 
H OH H OH 
СНОН СНОН 
7 8 
D-galactose D-talose 


D-Arabinose. The only p-aldopentoses that are oxidized to optically active aldaric acids are p-arabinose 
and D-lyxose. A Wohl degradation of p-arabinose forms p-erythrose, whereas a Wohl degradation of 
D-lyxose forms p-threose. Because D-erythrose forms an optically inactive aldaric acid but p-threose does 
not, we can conclude that the p-aldopentose is D-arabinose. 


HO 


CH,OH, 
О 


lactose 
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55. 

56. 
ao 

57. 
ж 


СОО CH,OH 
HO O HO O HO 
„О O O 
NH 
/ 
=C 
“сн, 


hyaluronic acid 
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СОО CH,OH 
О но О 
О 
OH NH 
/ 
=C 
NCH; 


She can take a sample of one of the sugars and oxidize it with nitric acid to an aldaric acid or reduce it with 
sodium borohydride to an alditol. If the product is optically active, the sugar was D-lyxose; if the product is 


not optically active, the sugar was D-xylose. 


H O 
\ 4 
С СООН 
НО Н НО Н 
HNO; 
HO H А НО H 
H OH H OH 
CHOH COOH 
D-lyxose optically active 
H O 
м7 
С CH;0H 
HO H HO H 
H О Н 1. NaBH, H О Н 
2. H,0* 
Н OH H OH 
CH OH CHOH 
D-lyxose optically active 


H 
H—Cl С 
| I 
R 2—' 
Н О 
и 
с“ 


| 


| 


H О 
NL 
C COOH 
H OH H OH 
HNO; 
HO H A HO H 
H OH H OH 
CHOH COOH 
D-xylose optically inactive 
H O 
NK 
C CH;OH 
H OH H OH 
HO н 18%. но H 
2. H0* 
H OH H OH 
CH,OH СЊОН 
D-xylose optically inactive 
+ 
H NH H NH 
с^ 2 “с^ 2 
|^ó—H = | “oH 
R | R 
H . 
(ZB 
:В 
» Y н NH 
SNZ NA’? 
C Cx 
| в GOH 
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58. HO yo 
С 
Н OH HO H 
HO——H _‚ РА РА. 
H OH 


H 
к СН;ОН он 


aldonic acid of 
D-glucose 


59, us 


H OH HO H 


HO—L—H 0. 5 Vs 20 
SA OH 


C 
7% 
б Хон 


aldaric acid of 
D-glucose 


| rotate 180° 
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CH,OH 
HO О 
HO CH,OH CH,OH 
HO 0 О О 
‚———но ОН ОН 
НС HO HO | 
p-maltose | TS 
CH,OH CH,OH, CH,OH 
HO О HO Q , HO О 
НО == НО НО ОН 
НО |+ HO HO 
. H 
CH,OH 
О 
НО E 
+ 
Ho ЊО 
НО 
ОН 


The В-апотег will also be formed when H5O adds to the top of the plane of the oxocarbenium ion. 


10 aldaric acids 

Each of the following pairs forms the same aldaric acid: 
D-allose and L-allose L-altrose and L-talose 
D-galactose and L-galactose D-gulose and L-glucose 
D-altrose and p-talose L-gulose and D-glucose 


Therefore, 12 aldohexoses form 6 aldaric acids. The other 4 aldohexoses each form a distinctive aldaric acid, 
and 6 + 4 = 10. 


We know the hexose is a ketohexose because it does not react with Вг;; we know it is a 2-ketohexose 


because if it were a 3-ketohexose, it would not be able to form a hemiacetal (because the hemiacetal would 
have an unstable four-membered ring), and, therefore, would not undergo mutarotation. 


Copyright О 2017 Pearson Education, Inc. 


696 Chapter 20 


Knowing that the hexose is oxidized by Tollens reagent to the aldonic acids p-talonic acid and D-galactonic 
acid tells us that the aldonic acids and the ketohexose have the same configuration at C-3, C-4, and C-5. 


Therefore, the hexose is D-tagatose. 


COOH COOH CHOH 
HO H H OH l =0 
НО Н НО Н НО Н 
НО Н НО Н НО Н 
Н ОН Н OH H OH 
CHOH CHOH CHOH 
D-talonic acid D-galactonic acid D-tagatose 
63. н Г ъ - POD К 5 
(снон ПР _ СООН 
а ш. д, 
НО H — HO " — HO H 
H OH H OH H OH 
H OH H 9H H OH 
CH,OH CHOH CHOH 


D-fructose with one deuterium 


D--OD 

CD;OH 

CDOH 

с=0 ll (>. _ 

CÓ: 
HO H 

== HO H 
H OH 

H OH 
H OH 

H OH 
CH;OH 

CH;OH 

D-fructose with two deuteriums 
64. а. HO СЊОН c. OH e HOCH,OH 
HO 9 HO 79 о о 
HOH 
HO он Ho ? HO OH 
OH 
b. HO CH,OH d. HOCH, OH f. OH 
H О o~ 
-9 HOCH ОН 
CH,OH ? oH 
HÓ Он ОН ОН OH 
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Let A = the fraction of D-glucose in the a-form and В = the fraction of D-glucose in the B-form. 


А+В=1 
B=1-A 


specific rotation of A = 112.2 

specific rotation of B = 18.7 

specific rotation of the equilibrium mixture = 52.7 

specific rotation of the mixture = specific rotation of A X fraction of D-glucose in the a-form + 
specific rotation of В X fraction of D-glucose in the B-form 


527 = 112.2A + (1 — А) 18.7 
527 = 1224 + 18.7 — 18.7A 


34.0 = 93.5A 
A = 0.36 
B = 0.64 


This calculation shows that 36% is in the a-form and 64% is in the B-form. This agrees with the values 
given in Section 20.10. 


Let A = the fraction of D-galactose in the a-form and В = the fraction of D-galactose in the B-form. 


А+В=1 
B=1-A 


specific rotation of A = 150.7 

specific rotation of B = 52.8 

specific rotation of the equilibrium mixture = 80.2 

specific rotation of the mixture = specific rotation of A X fraction of galactose in the a-form + 
specific rotation of B X fraction of galactose in the B-form 


80.2 = 1507 A + 52.8 (1 — A) 
80.2 = 150.7 А + 52.8 — 52.8 А 
27.4 = 919A 

А = 280 


Therefore, 28% is a-D-galactose апа 72% is B-D-galactose. 


N 
|| 
< NT а 2 d 
H—Ç o> HÖF ^ 
R 
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68. Silver oxide increases the leaving tendency of the iodide ion from methy] iodide, thereby allowing the 
nucleophilic substitution reaction to take place with the poorly nucleophilic alcohol groups. Because man- 
nose is missing the methy] substituent on the oxygen at C-6, the disaccharide must be formed using the C-6 
OH group of mannose and the anomeric carbon of galactose. 


HO сн,он 


HO 
OH HO -O 


D-galactose HO 


D-mannose OH 


69. _ p-Altrose most likely exists as a furanose because: 
(1) the furanose is particularly stable since all the large substituents are trans to each other, and 
(2) the pyranose has two of its OH groups in the unstable axial position. 


CHOH 
CH, OH 
H GH OH, 
H 
OH 
HO OH 
D-altrofuranose D-altropyranose 


70. From its molecular formula and the fact that only glucose is formed when trehalose is hydrolyzed, we 
know that it is a disaccharide. Trehalose can be a nonreducing sugar only if the anomeric carbon of one 
glucose is connected to the anomeric carbon of the other glucose. Because it can be hydrolyzed by maltase, 
its glycosidic linkage must have the same geometry as an a-1,4’-glycosidic linkage. Therefore, the OH 
group attached to the anomeric carbon of the glucose on the left must be axial, and the OH group attached 
to the anomeric carbon of the glucose on the right must be equatorial. (Notice that the glucose on the right 
is drawn upside down and is reversed horizontally.) 


CH,OH 
HO О 
НО HO 
OH OH 
D OH 
CH,OH 


Copyright € 2017 Pearson Education, Inc. 


Chapter 20 


71. ш, ne? 


rh ( Н 


HC — N-hemoglobin нс en -hemoglobin нг — NH-hemoglobin 
H OH OH сбн 
НО Н H — НО Н 
Н ОН ОН Н ОН 
Н ОН ОН Н ОН 
CH;OH CHOH СН»ОН 
| 
T HaNE-hemoglobin CH3NH-hemoglobin 
ba О c= óL Кн: 
НО Н НО Н 
H;0* + ОН —— H oH 
H OH H OH 
СНОН СНОН 


72. Because all the glucose units have six-membered rings, ће 5-position is never methylated. 
2,3,4,6-tetra-O-methyl-p-glucose has only its 1-position in an acetal linkage. 
2,4,6-tri-O-methyl-p-glucose has its 1- and 3-positions in an acetal linkage. 
2,3,4-tri-O-methyl-p-glucose has its 1- and 6-positions in an acetal linkage. 
2,4-di-O-methyl-p-glucose has its 1-, 3-, and 6-positions in an acetal linkage. 


CHOH These corners are not 
methylene groups; 
CH,0H it is a convention used 
О when linking Haworth 


OH 3 eo projections. 


HO O—CH, (Lo 


1,6 ока 
"o = 


1,3 n 


О 


O—CH) 1,6'-linkage 


ОН 
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73. In the case of D-idose, the chair conformer with both the OH substituent at C-1 and the СЊОН substituent 
in axial positions (which is necessary for the formation of the anhydro form) has the OH substituents at 
C-2, C-3, and C-4 in equatorial positions. Thus, this is a relatively stable conformer because three of the 
five large substituents are in equatorial positions, where there is more room for a substituent. 


In the case of D-glucose, the chair conformer with both the OH substituent at C-1 and the CH,OH substituent 
in axial positions has the OH substituents at C-2, C-3, and C-4 in axial positions. This is a relatively unstable 
conformer because all the large substituents are in axial positions and will have unfavorable 1,3-diaxial 


interactions. 
CH, О CH, О 
ОН 
О o7 
HO OH 
OH OH OH 
anhydro form of D-idose anhydro form of D-glucose 


Therefore, a large percentage of D-idose but only a small percentage of D-glucose exists in the anhydro 
form at 100 °C. 
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1. Draw the product(s) of the following reactions: 
a. ~ # О 
Н ОН 
НО H HNO; 
H OH А 
Н ОН 
CH;OH 
b. OH 
CH;OH О 
на 
HO OH сњон” 
OH 
с. Н О 
N 
HO H > HUPd/BaSO, 
HO H 3. НСІ, H,O 
Н ОН 
CHOH 
d. H O 
`2 
Н ОН 
H он + Br H. 
H OH 
CHOH 
2. Indicate whether each of the following statements is true or false: 


a. Glycogen contains a-1,4'- and B-1,6'-glycosidic linkages. 
b. p-Mannose is a C-1 epimer of D-glucose. 
D-Glucose and L-glucose are anomers. 


D-Erythrose and p-threose are diastereomers. 


d. Wohl degradations of p-glucose and p-gulose form the same aldopentose. 
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3. Which of the following sugars form an optically active aldaric acid? 


H О н О H О H О 
br Nf Nec Nae 
HO H H OH H OH H OH 
HO H HO H H OH HO H 
H OH H OH H OH HO H 
H OH H OH H OH H OH 
CH;OH CH;OH CH,OH СН2ОН 


4. When crystals of D-fructose are dissolved in a basic aqueous solution, two aldohexoses are obtained. Identify 
the aldohexoses. 


5, Draw three tetroses that form the same enol. 


6. D-Talose and are reduced to the same alditol. 


7. What is the main structural difference between amylose and cellulose? 


8. What aldohexoses are formed from a Kiliani—Fischer synthesis starting with D-xylose? 


9. What aldohexose is the C-3 epimer of D-glucose? 


10. Draw the most stable chair conformer of B-D-allose, a C-3 epimer of B-D-glucose. 
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Amino Acids, Peptides, and Proteins 


Important Terms 
amino acid 


D-amino acid 


L-amino acid 


amino acid analyzer 


anion-exchange resin 


antiparallel f-pleated sheet 


automated solid-phase 
peptide synthesis 


cation-exchange resin 


coil conformation 
(loop conformation) 


C-terminal amino acid 
denaturation 
dipeptide 

disulfide 

disulfide bridge 


Edman's reagent 


electrophoresis 
endopeptidase 


essential amino acid 


an a-amino carboxylic acid. Naturally occurring amino acids have the L-configuration. 


the configuration of an amino acid drawn in a Fischer projection with the carboxyl 
group on top, the hydrogen on the left, and the amino group on the right. 


the configuration of an amino acid drawn in a Fischer projection with the carboxyl 
group on top, the hydrogen on the right, and the amino group on the left. 


an instrument that automates the ion-exchange separation of amino acids. 
a resin that binds anions. 


a type of secondary structure in which the adjacent hydrogen-bonded polypeptide 
chains in a B-pleated sheet run in opposite directions. 


an automated technique that synthesizes a polypeptide (in the C-terminal to 
N-terminal direction) while its C-terminal amino acid is attached to a solid support. 


a resin that binds cations. 


the part of a protein that is highly ordered but not in an a-helix or 8-pleated 
sheet. 


the terminal amino acid of a peptide (or protein); it has a free carboxyl group. 

the destruction of the highly organized secondary and tertiary structure of a protein. 
two amino acids linked by an amide bond. 

a compound with an S—S bond. 

a disulfide (S—S) bond formed by two cysteine residues in a polypeptide or protein. 


phenyl isothiocyanate; the reagent used to determine the N-terminal amino acid of 
a polypeptide. 


a technique that separates amino acids on the basis of their pI values. 
an enzyme that hydrolyzes a peptide bond that is not at the end of a polypeptide chain. 


an amino acid that humans must obtain from their diet because they cannot synthe- 
size it at all or cannot synthesize it in adequate amounts. 
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exopeptidase 
fibrous protein 
globular protein 


a-helix 


hydrophobic interactions 


interchain disulfide bridge 
intrachain disulfide bridge 


ion-exchange 
chromatography 


isoelectric point (pI) 
kinetic resolution 

loop conformation 
(coil conformation) 
N-terminal amino acid 
oligomer 

oligopeptide 

paper chromatography 


parallel 8-pleated sheet 


partial hydrolysis 
peptidase 
peptide 

peptide bond 


P-pleated sheet 


an enzyme that hydrolyzes a peptide bond at the end of a polypeptide chain. 
a water-insoluble protein; its polypeptide chains are arranged in bundles. 
a water-soluble protein; it tends to have a roughly spherical shape. 


the backbone of a polypeptide coiled in a right-handed spiral with hydrogen 
bonding occurring within the helix. 


interactions between nonpolar groups. These interactions increase stability by 
decreasing the amount of structured water, thereby increasing entropy. 


a disulfide bridge between two cysteine residues in different polypeptide chains. 
a disulfide bridge between two cysteine residues in the same polypeptide chain. 


a technique that uses a column packed with an insoluble resin to separate 
compounds on the basis of their charge and polarity. 


the pH at which there is no net charge on an amino acid. 


separating enantiomers based on the difference in their rate of reaction with an 
enzyme. 


see coil conformation. 


the terminal amino acid of a polypeptide (or protein); it has a free amino group. 
a protein with more than one polypeptide chain. 

3 to 10 amino acids linked by amide bonds. 

a technique that separates amino acids based on polarity. 


a type of secondary structure in which the adjacent hydrogen-bonded polypeptide 
chains in a 8-pleated sheet run in the same direction. 


a technique that hydrolyzes only some of the peptide bonds in a polypeptide. 
an enzyme that catalyzes the hydrolysis of a peptide bond. 

a polymer of amino acids linked by amide bonds. 

the amide bond that links the amino acids in a polypeptide or protein. 


a type of secondary structure in which the backbone of a polypeptide extends in a 
zigzag structure with hydrogen bonding between neighboring chains. 


Copyright О 2017 Pearson Education, Inc. 


^^ 


polypeptide 


primary structure 


protein 


quaternary structure 


secondary structure 

side chain 

structural protein 

subunit 

tertiary structure 
thin-layer chromatography 
tripeptide 


zwitterion 
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many amino acids linked by amide bonds. 


the sequence of amino acids and the location of the disulfide bridges in a 
polypeptide or protein. 


a naturally occurring polymer of 40 to 4000 amino acids linked by amide bonds. 


a description of the way in which the individual polypeptide chains in a protein 
with more than one chain are arranged with respect to one other. 


a description of the conformation of the backbone of a polypeptide or protein. 
the substituent attached to the a-carbon of an amino acid. 

a protein that gives strength to a biological structure. 

a polypeptide chain of protein that has more than one polypeptide chain. 

a description of the three-dimensional arrangement of all the atoms in a protein. 
a technique that separates compounds on the basis of their polarity. 

three amino acids linked by amide bonds. 


a compound with a negative charge and a positive charge on nonadjacent atoms. 


Copyright © 2017 Pearson Education, Inc. 


706 Chapter 21 


Solutions to Problems 


1. a. When the imidazole ring is protonated, the double-bonded nitrogen is the one that accepts the proton. 
(Its lone pair is in an sp? orbital.) 


[TN HCI 577 


+ 


The lone-pair electrons on (ће single-bonded nitrogen (7r electrons) are delocalized and, therefore, are 
not available to be protonated. 


[ \ N 


‘NINH 


b. The lone-pair electrons on the double-bonded nitrogen are protonated because the lone-pair electrons 
on the other nitrogens are delocalized and, therefore, cannot be protonated. In addition, protonation of 
the double-bonded nitrogen leads to a highly resonance-stabilized conjugate acid. 


САН Мн, NH 
о — va — А 
„КА УС РА 
HN NH HN NH HN NH— 
2. a. D-alanine is (R)-alanine b. D-asparate is (R)-aspartate 
“О О Я ғ” О JÈ 
H МН; H NH3 

CH; CH;COO 
D-alanine D-aspartate 
(R)-alanine (R)-aspartate 


с. The a-carbons of all the D-amino acids except cysteine have the R-configuration. Similarly, the 
a-carbons of all the L-amino acids except cysteine have the S-configuration. 


In all the amino acids except cysteine, the amino group has the highest priority and the carboxyl group 
has the second-highest priority. In cysteine, the thiomethyl group has a higher priority than the carbox- 
ylate group because sulfur has a greater atomic number than oxygen, causing the counterclockwise 
arrow to be a clockwise arrow. 


A 


~, „=“ 
- 
--------“ 


D-cysteine 
(S)-cysteine 
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Isoleucine is the only other amino acid that has more than one asymmetric center. Like threonine, it has 


two asymmetric centers. 


© 


| 
С 


* x / N 
CH3;CH,CH — CH o7 


CH; *NH3 
isoleucine 


Alanine exists predominately as a zwitterion in an aqueous solution with pH > 2.34 and pH < 9.69. 


The electron-withdrawing + МН, substituent on the a-carbon increases the acidity of the carboxyl group. 


a. Solved in the text. с. 


N 
b. CHCH о d. 


о 
Cmm 


a. 
/ 
HO \CH,CH,CH” “он 
"мн, 
|| 
b. С С 


/ 
НО `снусн,єн^ Хо" 


*NH; 


O O *NH> O 
A 0] | | 
их Z N ZN И. 
HN | CH;CH;CH О e. HN NHCH;CH;CH;CH О 
*NH3 *NH3 
О 
| | 
+ РА ©. / Е 
ш E O f. HO еа О 
*NH; *NH; 
О О 
КУ 
с 
-0 `снусн,ен^ Хо" 
"NH; 
О О 
|| || 
9. С С 


SN aX 
-0 CH;CH,CH од 
NH, 
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10. 


11. 


12. 


13. 


14. 


15. 


16. 


17. 
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а. The carboxyl group of the aspartic acid side chain is a stronger acid than the carboxyl group 
of the glutamic acid side chain. The carboxyl group of the aspartic acid side chain is closer to the 
electron-withdrawing protonated amino group. 


b. The protonated lysine side chain is a stronger acid than the protonated arginine side chain. The 
protonated arginine side chain has less of a tendency to lose a proton because its positive charge is 
delocalized over three nitrogens. 


2.02 + 8. 10. 

a. asparagine pI = wae = = = 5.43 

04 + 12. 

b. arginine pl = ЕМЕ = = = 10.76 
2.21 + 9. 

с. serine pl = eee 55 = 5.68 

2 2 

2.09 + 3.86 5.95 

d. aspartate pl = cler ert. 2.98 


aspartate (pI = 2.98) 
b. arginine (pI = 10.76) 


с. Aspartate because its pl is lower than that of glutamate. Therefore, pH 6.20 is farther away from the 
pH at which it has no net charge. The farther an amino acid with no net charge has to “move” to get to 
the given pH value, the more charged it will become. 


d. Methionine because at pH = 6.20, methionine is farther away from the pH at which it has no net 
charge (pI of methine = 5.75, pI of glycine = 5.97). 


Tyrosine and cysteine each have two groups that are neutral in their acidic forms and negatively charged in 
their basic forms. Unlike other amino acids that have similarly ionizing groups, the pK, value of one of the 
two similarly ionizing groups in tyrosine and in cysteine is close to the pK, value of the group that ionizes 
differently. Therefore, the group that ionizes differently cannot be ignored in calculating the pl. 

a. <25% b. > 75% 

For the amino acid to have по net charge, the two amino groups must have a + 1 charge between them in order to 


cancel out the — 1 charge of the carboxylate group. Because they are positively charged in their acidic forms and 
neutral in their basic forms, the sum of their charges will be +1 at the midpoint of their pK, values. 


О 
|| 


С 
fos 


one H The R group of the aldehyde is the same 


as the R group of the amino acid. 
CH; 


Leucine and isoleucine both have СН side chains and, therefore, have the same polarity. Consequently, 
the spots for both amino acids appear at the same place on the chromatographic plate. Therefore, the 
chromatographic plate has one less spot than the number of amino acids. 


Because the amino acid analyzer contains a cation-exchange resin (it binds cations), the less positively 
charged the amino acid is, the less tightly it is bound to the column. Using buffer solutions of increasingly 
higher pH to elute the column causes the amino acids bound to the column to become increasingly less 
positively charged, so they can be released from the column. 
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18. Cation-exchange chromatography releases amino acids in order of their pI values. The amino acid with the 
lowest pl is released first because at a given pH, it is the amino acid with the highest concentration of nega- 
tive charge, and negatively charged molecules are not bound by the negatively charged resin. The relatively 
nonpolar resin releases polar amino acids before nonpolar amino acids. 

Asp (pI = 2.98) is more negative at pH = 4 than is Ser (pl = 5.68). 

Ser is more polar than Ala. 

Val is more polar than Leu. 


ро гр 


• 


Туг is more polar than Phe. 


19. A column containing an anion-exchange resin releases amino acids in reverse order of their pI values (the 
opposite of what happens in a cation-exchange resin). The amino acid with the highest pI is released first 
because, at a given pH, it will be the amino acid with the highest concentration of positive charge. 


His > Val > Ser > Asp 
20. The first equivalent of ammonia will react with the acidic proton of the carboxylic acid to form an ammo- 
nium ion, which is not nucleophilic and, therefore, cannot substitute for Br. Thus, a second equivalent of 


ammonia is needed for the desired nucleophilic substitution reaction. 


21. a. The following reactions show that pyruvic acid forms alanine, oxaloacetic acid forms aspartate, and 
a-ketoglutarate forms glutamate. 


O O 
enzyme 
= o 
О "NH; 
pyruvic acid alanine 
О О 
oO enzyme О 
О дс О 
о О Оо АН, 
oxaloacetic acid aspartate 
O O О О 
enzyme 
Ко о с О o 
О "NH; 
a-ketoglutaric acid glutamate 


If reductive amination (page 764) is carried out in the cell, only the L-isomer of each amino acid will 
be formed. 


Copyright © 2017 Pearson Education, Inc. 


710 Chapter21 


b. Recall that imine formation is best carried at a pH about 1.5 units lower than the pK, of the protonated 

ammonium ion (Section 16.8), that is, at about pH — 8. Therefore, the carboxyl groups will be in their 

basic forms. If reductive amination is carried out in the laboratory, both the D- and L-isomer (a racemic 
mixture) of each amino acid will be formed. 


О О О 
1. NH}, trace acid we 
О 2. Но, РУС О 1 : о 
О *NH; *NH; 
pyruvic acid alanine alanine 
О О О 
^O 1. NH; trace acid “О О 
O нм -. o 7 "о 
о О о ‘мн, О *NH, 
oxaloacetic acid aspartate aspartate 
O О О О О О 
1. МН», trace acid pc Ч 
Ко O  2њвс iO o + © < ~o 
О "мн; *NH3 
a-ketoglutaric acid glutamate _ glutamate 


22. Notice that the R group attached to the Br is the same as the R group attached to the a-carbon of the amino 
acid. 


R—Br corresponds о К—СНСОО“ 


+МН; 
a. leucine b. methionine 


23. As in Problem 22, the R group attached to the Br is the same as the R group attached to the a-carbon of the 
desired amino acid. 


а. 4-bromo-1-butanamine b. benzyl bromide 


24. Notice that the R group attached to the carbonyl group of the aldehyde is the same as the К group attached 
to the a-carbon of the amino acid. 


|| 
R—CH corresponds to R—CHCOO^ 


*NH; 


a. alanine b. isoleucine c. leucine 
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Convert the amino acids into esters using SOCI, followed by ethanol. Then treat the esters with pig liver 
esterase. Because the enzyme hydrolyzes only esters of L-amino acids, the products will be the L-amino 
acid, ethanol, and the ester of the D-amino acid. These compounds can be readily separated. After they are 
separated, the D-amino acid can be obtained by acid-catalyzed hydrolysis of the ester of the D-amino acid. 
This separation technique is called a kinetic resolution because the enantiomers are separated (resolved) as 
a result of reacting at different rates in the enzyme-catalyzed reaction. 


OX. NH) 
CH; ~ Е 
| CHOH Н | ris 
T 
H3N C CH N C CH О" 
N М. ч и РА 
Г СК Y 
CH; H O ТЕ H O 
COO 
The peptide bonds are indicated by arrows. 
О ЕЕ 
Каа 
ГА 
"ea^ TNT d 
CH — | a: — 


The less stable configuration has the R groups 
on the same side of the double bond. 


The bonds on either side of the a-carbon can freely rotate. In other words, the bond between the a-carbon 
and the carbonyl carbon and the bond between the а-сагбоп and the nitrogen (the bonds indicated by 
arrows) can freely rotate. The bond between the C and N (the peptide bond) cannot rotate because it has 
partial double-bond character. 


О О О О 
i gf i f 
a. H;3NCH~ "NHCH/ "NHCH^ `МНСН ^O 
єн, CH, СН» үн 
iu ia 
OH 
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О О 
|| || 


A N РА 
b. нйн мнен“ “мн 


30. 


5 О 

О уу осн; 

М es 

: H 
О  *NH, О s 


31. a. glutamate, cysteine, and glycine 


b. In forming the amide bond between glutamate and cysteine, the amino group of cysteine reacts with 
the y-carboxyl group of glutamate rather than with its a-carboxyl group. 


| 


y-carboxyl -—q-carboxy] С Оро Y-carboxyl 
( group | group group < group 
SH 


O O O O O 
А 
oy о о о 
+ + Н 
NH; NH; Ó 
glutamate amide bond glutathione 
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32. Leu-Val and Val-Val will be formed because the amino group of leucine is protected, so leucine cannot 
react with a carboxyl] group (that is, leucine cannot be the C-terminal amino acid). The amino group of 
valine can react equally easily with the carboxyl group of leucine and the carboxy] group of valine. 


О О О О О 
|: o ] ME 
2 / TR 
(CH,),;CO” “мисн “о- + H,NCH/ “07 ——- H,NCH/ “мнсн^ ~" 
CH, CH(CH;), CH, CH(CH;), 
CH(CH;), valine CH(CH3), 
N-protected leucine Leu- Val 
О О О О 
| i o 
E a T И SE REN. 
H,NCH/ “0 + сн” 'O  —— H,NCH/ "NHCH/ “о 
CH(CH4), CH(CH;), CH(CH4, CH(CH;), 
valine valine Val-Val 


33. If valine’s carboxyl group is activated with thionyl chloride, the OH group of serine, as well as the NH, 
group of serine, would react readily with the very reactive acyl chloride, forming both an ester (with its OH 
group) and an amide (with its МН, group). 


| | | | 
С С 80667 С С 
У VS а £X 
(CHj,Jco^ "NHcH/ ‘o ^  (cHyco  "NHcH/ “а 
CH(CH3)2 CH(CH3)2 
О 
| 
HeNCH Sog 
CH;OH 
О О О О О О 
Po of of Po of 
+ 
VAN “У У“ / / 
(CH,);CO’ “мнсн^ “оснсн^ “07 (снсој “мнсн “мнен No- 
СНКСН МН, CH(CH;)} CHOH 
ester amide 


If valine’s carboxyl group is activated with DCCD, an imidate will be formed. Because an imidate is less 
reactive than an acyl chloride, the imidate will react with the more reactive NH, group in preference to the 
less reactive OH group. 


Copyright © 2017 Pearson Education, Inc. 


714 Chapter 21 


О О О О 
L| uu» 
я / / 7 | 
«сн,)со“ “мнсн” “о” 280, (сну,со’ “мнсн^ “ос 
СН(СН;)» CH(CH3). МН 
N-protected valine “а 
an imidate 
О 
| 
МН HNCH р 
om с CH;OH 
NH О О 
У d 
/ oN Jo Naz 
+ (CH44CO \NHCH NHCH О 
CH(CH;), CH,OH 
O O O О О 
м AN. | | | 
i PES P TN. a “~ 7 Жы. 
(СНа) СО О OC(CH44 + ОНОН О + (CH34A4CO MES O 
CH, (Ha 
CH(CH3); CH(CH3); 
Leu N-protected Leu 
9 
1. DCCD С} 
2. HNCH о" 
Сн, 
Рһе 
О О 
Е АИ 
Z / / 
(СН): СО NL `мнєн No 
" CH, CH; 
1. DCCD | CH(CH3), 
2. њен“ Хо" 
СН, Ala 
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О О О О 
| || || | 
С С С С О 
YN YN У СМ... | 
(CH4),CO Ne а TUE O 1. DCCD ~ 
2.H,NCH 07 
CH, CH, CH; F Val 
| CH(CH;), 
CH(CH3) 
О О О О О 
| || || || || 
ях "4 к и a га E JN 
(CHj4CO/ `МНСН NHCH NHCH NHCH/ СО 
CH, CH, CH, CH(CH3); 
CH(CH3); 
CF,CO;H | CH,Cl, 
О О О О 
in | | | | 
| LEA ES # a "4 ES 4 ae 
сње + CO, + oe мисн” “мисн” “мисн” `O 
СН, СН, CH, СН» CH(CH3); 
CH(CH3); 
Leu Phe Ala Val 
35. Notice that the number of steps is one less than the number of amino acids in the peptide. 
a. 5.8% 
2 3 4 5 6 7 8 9 
70% 49% 34% 24% 17% 12% 8.2% 5.8% 
b. 44% 
2 3 4 5 6 7 8 9 10 11 12 13 14 15 
80% 64% 51% 41% 33% 26% 21% 17% 13% 11% 8.6% 6.9% 5.5% 4.4% 
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О О О О О 
м À". | ЭЕ 
| + 
(CH,),CO” Sor “оссн,), H,NCH” Хо" = (CH,);CO” “мнсн/ “о ось )-® 
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СН; CH(CH4), 
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Z "4 - === “oN a 
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CH; CH, 


Q 
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CH, CH, CH(CH3) 
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42. 
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It is an Sy2 reaction followed by dissociation of a proton. 


O 
| [| | 
М. ИХ N IS ——— N „о 
ЊЕ ыга Жа 
Сн, CH, CH, 
| ll ay 
‘SH S; H :В 3 


. | M | . 
4 CH,COOH CH COOH 
= CHCOOH + ID HB* 


Because insulin has two peptide chains, treatment with Edman's reagent would release two PTH-amino 
acids in approximately equal amounts. 

Knowing that the N-terminal amino acid is Gly, look for a peptide fragment that contains Gly. 

"Fragment 6" tells you that the second amino acid is Arg. 

"Fragment 5" tells you that the next two are Ala-Trp or Trp-Ala. 


"Fragment 4" tells you that Glu is next to Ala, so the third and fourth amino acids must be Trp-Ala and the 
fifth is Glu. 


"Fragment 7" tells you that the sixth amino acid is Leu. 
"Fragment 8" tells you that the next two are Met-Pro or Pro-Met. 


"Fragment 3" tells you that Pro is next to Val, so the seventh and eighth amino acids must be Met-Pro and 
the ninth is Val. 


“Fragment 2” tells you that the last amino acid is Asp. 
Gly-Arg-Trp-Ala-Glu-Leu-Met-Pro-Val-Asp 
Cysteine can react with cyanogen bromide, but the sulfur would not be positively charged, so it would be 


a poor leaving group. In addition, the lactone would not be formed because it would have a strained four- 
membered ring. Without lactone formation, the imine would not be formed, so cleavage cannot occur. 


formation of a four- 
C membered ring 


poor | О R 


leaving С A 
group N 
H 
a O 
О 
а. His-Lys Leu-Val-Glu-Pro-Arg Ala-Gly-Ala 
b. Leu-Gly-Ser-Met-Phe-Pro-Tyr Gly-Val 


Solved in the text. 
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The data from treatment with Edman’s reagent and carboxypeptidase A identify the first and last amino acids. 


Leu Ser 


The data from cleavage with cyanogen bromide identify the position of Met and identify the other amino 
acids in the pentapeptide and tripeptide but not their order. 


d cleavage with cyanogen bromide 


Arg, Lys, Tyr 
Leu Met 


Arg, Phe 
Ser 


The data from treatment with trypsin put the remaining amino acids in the correct positions. 


Leu Tyr Lys 


Arg | Ме! Рһе Arg | Ser 


a. Trypsin cleaves at Arg and Lys. There are two possible primary structures: 


Val-Gly-Asp-Lys-Leu-Glu-Pro-Ala-Arg-Ala-Leu-Gly-Asp 
or 
Leu-Glu-Pro-Ala-Arg-Val-Gly-Asp-Lys-Ala-Leu-Gly-Asp 
The two possible primary structures can be distinguished by Edman’s reagent. Edman’s reagent will 
release Val in one case and Leu in the other. 
b. Trypsin cleaves at Arg and Lys. There are two possible primary structures: 
Ala-Glu-Pro-Arg-Ala-Met-Gly-Lys-Val-Leu-Gly-Glu 
or 


Ala-Met-Gly-Lys-Ala-Glu-Pro-Arg-Val-Leu-Gly-Glu 


The two possible primary structures can be distinguished by treatment with cyanogen bromide. 
Cyanogen bromide will cleave one of the possible polypeptides into two hexamers and the other into a 
dimer and a decamer. 


a. 74 amino acids/3.6 amino acids per turn of the helix = 20.6 turns of the helix 
20.6 x 5.4 А = 110A in an a-helix (5.4 А is the repeat distance of the a-helix.) 


b. 74 amino acids x 3.5 А = 260 А in fully extended polypeptide chain 


It would fold so that its nonpolar residues are on the outside of the protein in contact with the nonpolar 
membrane and its polar residues are on the inside of the protein. 


A protein folds to maximize the number of polar groups on the surface of the protein and the number of 
nonpolar groups on the inside of the protein. 


a. A cigar-shaped protein has the greatest surface area to volume ratio, so it has the highest percentage of 
polar amino acids. 


b. A subunit of a hexamer has the smallest percentage of polar amino acids, because part of the surface of 
the subunit can be on the inside of the hexamer and, therefore, have nonpolar amino acids on its surface. 
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Lemon juice contains citric acid. Some of the side chains of the enzyme will become protonated in an 
acidic solution. This will change the charge of the group (for example, a negatively charged aspartate, when 
protonated, becomes neutral; a neutral lysine, when protonated, becomes positively charged). Because the 
shape of an enzyme is determined by the interaction of the side chains, changing the charges of the side 
chains causes the enzyme to undergo a conformational change that leads to denaturation. When the enzyme 
is denatured, it loses its ability to catalyze the reaction that causes apples to turn brown. 


a. 


с. 


pH = 9.69 b. pH = (its pI) с. pH = 2.34 


Val-Arg-Gly-Met-Arg-Ala Ser 
Ser-Phe-Lys-Met Pro-Ser-Ala-Asp 
Arg Ser-Pro-Lys Lys Ser-Glu-Gly 


The pK, of 6.0 indicates that the amino acid is histidine. 


Because it requires two equivalents of hydroxide ion to get to a neutral pH, the amino acid has two 
acidic groups. The pK, of 9.8 indicates that the amino acid is aspartic acid. 


The pK, values indicate that the amino acid is most likely alanine. However, it could be isoleucine. 


As an amino acid moves from a solution with a pH equal to its pI to a more basic solution, the amino acid 
becomes more and more negatively charged. Because asparagine has a lower р than leucine, in a solution 
of pH = 7.3, asparagine has moved farther from its pI than has leucine. Asparagine, therefore, will have a 
higher percentage of negative charge at pH = 7.3. 


NH, О 
О О О О 
I I of 
с. 
HO” `сн,єн^ Хон o `сн,єн^ “о 
"NH; *NH; 
О О О О 
| | I I 
С C 4. OS PEN 
но” `снсн^ Хо" O CHCH О 
"NH; NH; 
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—O 
© 


y: ]. excess NH; VN 

BN trace act 
C ————» СН - 
C 7 T OH 2. H5, Pd/C | О 

О *NH; 

The student is correct. At the pl, the total of the positive charges on the tripeptide’s amino groups must be 
one to balance the one negative charge of the carboxylate group. When the pH of the solution is equal to 
the pK, of a lysine residue, the three lysine groups each have one-half of a positive charge for a total of one 


and one-half positive charges. Therefore, the solution must be more basic than this to have just one positive 
charge. 


|| *NH 


О 
C C || | 
а. no j-ev Nu b. CH;CHCH/ “н с. EN VEN 
| НМ МНСН›СН›СН; `H 


CH; 

In a solution of pH = 5, His will have an overall positive charge and Glu will have an overall negative 
charge. His, therefore, will migrate to the cathode, and Glu will migrate to the anode. 

Ser is more polar than Thr (both have OH groups, but Thr has an additional carbon). 


Thr is more polar than Met (Met has SCH;CH» instead of CH(OH)CH,). Met is more polar than Leu 
(Leu has four carbons instead of the sulfur and three carbons that Met has). 


© 


electrophoresis 
рН = 5 


® chromatography 


—— 


We know that “Fragment 3” (Leu-Pro-Phe) is at the C-terminal end of the polypeptide. Now the only 
question we need to answer is which of the two fragments obtained by cleavage with cyanogen bromide, 
which begin with Gly and end with Met, is nearest the C-terminal end of the polypeptide. The answer is 
obtained from “Fragment 4” obtained from trypsin cleavage. The Met nearest the C-terminal end must be 
preceded by Arg or Lys. Therefore, the polypeptide has the following sequence: 


Gly-Leu-Tyr-Phe-Lys-Ser-Met-Gly-Leu-Tyr-Lys-Val-Ile-Arg-Met-Leu-Pro-Phe 
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60. An amino acid is insoluble in diethy] ether (a relatively nonpolar solvent) because an amino acid exists as 
a highly polar zwitterion at neutral pH. Carboxylic acids and amines are less polar because they either are 
neutral or have a single charge depending on the extent of dissociation in diethyl ether. 


61. You would (correctly) expect serine and cysteine to have lower pK, values than alanine, because a 
hydroxymethyl and а thiomethyl group are more electron withdrawing than a methyl group. Because oxygen 
is more electronegative than sulfur, you would expect serine to have a lower pK, than cysteine. The fact that 
cysteine has a lower pK, than serine can be explained by stabilization of serine’s carboxy! proton by hydrogen 
bonding to the B-OH group of serine, which causes it to have less of a tendency to be removed by a base. 


=O 


HaN 
3 

С 

НС” ^O 


62. Each compound has two groups that can act as a buffer, one amino group and one carboxyl group. There- 
fore, the compound in higher concentration (0.2 M glycine) is a more effective buffer. 


63. Groups that are not fully charged at the given pH are shown in the form that predominates at that pH. For 
example, tyrosine has a pK, = 9.11, so at pH = 7, it is shown in its acidic form (with its proton). 


О О О О О О 
> P P P dj 
а. 
и и и и ИМ 
њен“ SNHCH/Á "NHCH/ “NHCH’ ~мнен `мнсн ОН 
Сн), CH,OH CH,COOH CH,SH СН, CH, 
*NH 
3 2 “мн 


чу =/ 
Н 


ОН 
О О О О 
А ДА А А |j 
у / Á ZTN ZN ZTN РАЧИ 
H,NCH “мнен “мнсн МНСН МНСН МНСН О 
Сн, CH,OH CH,COO CH,SH CH, CH, 
*NH 
3 2 ~NH 
+ү—/ 
Н 
ОН 
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Сн, сњон  CH,COO CH,SH CH, CH, 
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NH 
3 2 “мн 
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OH 
О О О О О О 
А А А МА А d 
у Á Á и / / РАЧИ 
HjNCH “мнен “мнен “мнен “мнсн “мнсн ^o 
(Hoda CHOH  CH,COO CH;S. СН, CH, 
NH 
2 2 “мн 
N—/ 
o 
О О О 
| ! | 
/ =— 
64 — МНСН ~ + ol №. —мнен^ ~ —мнен“ ~ 
О О 
(СН2)4 О сн», (CH2)4 
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МН» anhydride NH бг NH 
lysine | 2 | “о 
d 
O 


65. a. When the polypeptide is treated with maleic anhydride, lysine reacts with maleic anhydride (see 
Problem 64), but the amino group of arginine is not sufficiently nucleophilic to react with maleic anhy- 
dride. Therefore, trypsin will cleave only at arginine residues because the enzyme no longer recognizes 
lysine residues. 


b. Four fragments will be obtained from the polypetide. Remember that trypsin will not cleave the 
Arg-Pro bond. 


c. The N-terminal end of each fragment will be positively charged because of the "МН: group. 
The C-terminal end will be negatively charged because of the COO" group. 
Arginine residues will be positively charged. 
Aspartate and glutamate residues will be negatively charged. 
Lysine residues will be negatively charged because they are attached to the maleic acid group. 
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The least negatively charged fragment will be eluted first, and the most negatively charged fragment 
will be eluted last: 


A>D>C>B 


А Gly-Ala-Asp-Ala-Leu-Pro-Gly-Ile-Leu-Val-Arg overall charge = 0 
+ = +— 

В Asp-Val-Gly-Lys-Val-Glu-Val-Phe-Glu-Ala-Gly-Arg overall charge = —3 
+— — - — +— 

С Ala-Glu-Phe-Lys-Glu-Pro-Arg overall charge = —2 
+ - - - +- 

D Leu-Val-Met-Lys-Val-Glu-Gly-Arg-Pro-Val-Ala-Ala-Gly-Leu-Trp overall charge = —1 
+ — — + — 


First, mark off where the chains would be cleaved by chymotrypsin (С-з де of Phe, Trp, Tyr). 


Val-Met-Tyr Ala-Cys-Ser-Phe —|-Ala-Glu-Ser 


Ser-Cys-Phe —{-Lys-Cys-Trp—E-Lys-Tyr+- Cys-Phe —-Arg-Cys-Ser 


Then from the fragments given, you can determine where the disulfide bridges are in the original intact 
peptide. For example, “Fragment 2" has two Phe, two Cys, and one Ser. Therefore, the first and fourth 
fragments of the second row must be connected by a disulfide bond. Fragment “5” provides the evidence 
for the disulfide bond between the two chains. 


Val-Met-Tyr-Ala-Cys-Ser-Phe-Ala-Glu-Ser 
| 


S 


| 
S 


| 
Ser-Cys-Phe-Lys-Cys-Trp-Lys-Tyr-Cys-Phe-Arg-Cys-Ser 
5—5 


The methyl ester of phenylalanine rather than phenylalanine itself should be added in the second peptide 
bond-forming step because if esterification of phenylalanine is done after amide bond formation, both the 
carboxyl group of phenylalanine and the у-сагбоху! group of aspartate can be esterified. Both the carboxyl 
group of phenylalanine and the у-сагроху! group of aspartate can be activated by DCCD. Therefore, some 
product will be obtained in which the amide bond is formed with the y-carboxyl group of aspartate rather 
than with the a-carboxyl group. 
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aspartame 
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| *NH> 
С I NH; *NH; 
YN NH; Z N -С=М | __ НС! 
а. Е Н as R H RCHC=N О RCHCOOH 
acid a 
intermediate I intermediate II 
O 
CH; | СН» | 


| И 
b. CH,CHCH; H 


/ N 
CH3CHCH;CH OH 
3-methylbutanal | 


+NH3 
leucine 


=0 
—O 


а 
С) 


КО, /UN 
с. п H САША од 


CH; CH; *NH; 
2-methylbutanal isoleucine 
Ser-Glu-Leu-Trp-Lys-Ser-Val-Glu-His-Gly-Ala-Met 
From the experiment with carboxypeptidase A, we know that the C-terminal amino acid is Met. 
"Fragment 12" tells us the amino acid adjacent to Met is Ala. 
"Fragment 5" tells us the next amino acid is Gly. 
"Fragment 2" tells us the next amino acid is His. 
"Fragment 7" tells us the next amino acid is Glu. 
"Fragment 10" tells us the next amino acid is Val. 
"Fragment 3" tells us the next amino acid is Ser. 
"Fragment 9" tells us the next amino acid is Lys. 
"Fragment 1" tells us the next amino acid is Trp. 
"Fragment 8" tells us the next amino acid is Leu. 
"Fragment 11" tells us the next amino acid is Glu. 


“Fragment 4” tells us the next (first) amino acid is Ser. 


а. х’ = the number of amino acids 
y = the number of spots in the peptide for each amino acid 
208 = 25,600,000,000 


b. 209 = 13 x 10180 
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The pK, of the carboxylic acid group of the amino acid is lower than the pK, of the carboxylic acid group of 
the dipeptide because the positively charged ammonium group of the amino acid is more strongly electron 
withdrawing than the amide group of the peptide. This causes the amino acid to be a stronger acid and, 
therefore, have a lower pKa- 


o 
о 


О 
| || || 


С С С 
/ NE JN 
HNCH/ “он H,NCHY ‘NHCHY “он 


lower pK, 


The pK, of the ammonium group of the dipeptide is lower than the pK, of the ammonium group of the 
amino acid because the amide group of the dipeptide is more strongly electron withdrawing than the 
carboxylate group of the amino acid. 


О О О 
i o 
А + 7 Se 
H,NCH; “о H,NCH/ "NHCH; “о 
lower pK, 


Finding that there is one less spot than the number of amino acids tells you that the spots for two of the 
amino acids superimpose. Because leucine and isoleucine have identical polarities, they are good candidates 
for being the amino acids that migrate to the same location. 


Val (pI = 5.97), Trp (pI = 5.89), and Met (pI = 5.75) can be ordered based on their pI values, because 
the one with the greatest pI will be the one with the greatest amount of positive charge at pH = 5. (See 
Problem 52.) 


electrophoresis 
рН = 5 


e») chromatography 


———>» 
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74. Oxidation of dithiothreitol is an intramolecular reaction, so it occurs with a larger rate constant than the 


oxidation of 2-mercaptoethanol, which is an intermolecular reaction. The reverse reduction reaction should 
occur with about the same rate constant in both cases. 


Increasing the rate of the oxidation reaction while keeping the rate of the reduction reaction constant is 
responsible for the greater equilibrium constant because Кы = k,/k_,, where k; is the rate constant for 


oxidation and k_, is the rate constant for reduction. 
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а. 1. Tyr-Gly-Gly-Phe-Met-Thr-Ser-Gly-Lys 
Ser-Gln-Thr-Pro-Leu- Val-Thr-Leu-Phe-Lys- 
Asn-Ala-Ile-Ile-Lys, Asn-Ala-Tyr-Lys, Lys, and Gly-Glu 


2. Tyr-Gly-Gly-Phe-Met 
Thr-Ser-Gly-Lys-Ser-Gln-Thr-Pro-Leu- Val-Thr-Leu-Phe-Lys-Asn-Ala-Ile-Ile-Lys-Asn-Ala- 
Tyr-Lys-Lys-Gly-Glu 


3. Tyr 
Gly-Gly-Phe 
Met-Thr-Ser-Glu-Lys-Ser-Gln- Thr-Pro-Leu- Val- Thr-Leu-Phe 
Lys-Asn-Ala-Ile-Ile-Lys-Asn-Ala-Tyr 
Lys-Lys-Gly-Glu 


b. N-terminal end: Tyr-Gly-Gly-Phe-Met 
C-terminal end: Tyr-Lys-Lys-Gly-Glu or Tyr-Lys-Lys-Glu-Gly 


Because the native enzyme has four disulfide bridges, we know that the denatured enzyme has eight cys- 
teine residues. The first cysteine has a one in seven chance of forming a disulfide bridge with the correct 
cysteine. The first cysteine of the next pair has a one in five chance, and the first cysteine of the third pair 
has a one in three chance. 


X — — 0.0095 


If disulfide bridge formation were entirely random, the recovered enzyme should have 0.9596 of its origi- 
nal activity. The fact that the enzyme the chemist recovered had 8046 of its original activity supports his 
hypothesis that disulfide bridges form after the minimum energy conformation of the protein has been 
achieved. In other words, disulfide bridge formation is not random, but is determined by the tertiary struc- 
ture of the protein. 
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The acid protonates the lone pair that аге sp? electrons. Formation of the tetrahedral intermediate (the 
two arrows that represent electron flow to the right) and collapse of the tetrahedral intermediate (the three 
arrows that represent electron flow to the left) are shown together in the second step. 


a thiazoline 


a PTH-amino acid 


The spot marked with an X is the peptide that is different in the normal and mutant polypeptide. The spot 
is closer to the cathode and farther to the right, indicating that the substituted amino acid in the mutant has 
a greater pl and is less polar. 


The fingerprints are those of hemoglobin (normal) and sickle-cell hemoglobin (mutant). In sickle-cell 
hemoglobin, a glutamate in the normal polypeptide has been substituted with a valine. This agrees with 
our observation that the substituted amino acid is less negative and more nonpolar. (See the discussion of 
sickle-cell anemia on page 1171 of the text.) 
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а. 


с. 


Acid-catalyzed hydrolysis indicates the peptide contains 12 amino acids. 


Treatment with Edman’s reagent indicates that Val is the N-terminal amino acid. 
Val 


Treatment with carboxypeptidase A indicates that Ala is the C-terminal amino acid. 


Май 2 Al 


Treatment with cyanogen bromide indicates that Met is the fifth amino acid with Arg, Gly, Ser in an 
unknown order in positions 2, 3, and 4. 


Vall __ __ __ Ме __ __ __ __ __ — Ala 
Arg, Gly, Ser 


Treatment with trypsin indicates that Arg is the third amino acid, Ser is second, Gly is fourth, Tyr is 
sixth, and Lys is seventh. Because Lys is in the terminal fragment, cleavage did not occur at Lys, so Pro 
must be at lysine’s cleavage site, but we don’t know whether Lys-Pro comes before of after Phe and Ser. 
Val Ser Arg Gly Met Tyr Lys __ Ala 


Lys-Pro, Phe, Ser 


Treatment with chymotrypsin indicates that Phe is the tenth amino acid and Ser is the eleventh. 


Val Ser Arg Gly Met Tyr Lys Lys Pro Phe Ser Ala 
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Chapter 21 Practice Test 


Draw the structure of the following amino acids at pH = 7: 


a. glutamic acid b. lysine c. isoleucine d. arginine e. asparagine 


Draw the form of histidine that predominates at: 
а. pH = 1 b рн=4 c pH=8 а. pH = 11 


Answer the following: 


a. Alanine has a pI = 6.02, and serine has a pI = 5.68. Which will have the highest concentration of 
positive charge at pH — 5.50? 


b. Which amino acid is the only one that does not have an asymmetric center? 
c. Which аге the two most nonpolar amino acids? 


d. Which amino acid has the lowest pI? 


Why does the carboxyl group of alanine have a lower pK, than the carboxyl group of propanoic acid? 
О О 
| i 

CH4CH ^ “он pKa=2.2 CH,CHY Хон PKa=4.7 


*NH, alanine propanoic acid 


Indicate whether each of the following statements is true or false: 


а. А cigar-shaped protein has a greater percentage of polar residues than a 


spherical protein. T F 
b. Naturally occurring amino acids have the L-configuration. T F 
с. There is free rotation about a peptide bond. T F 


What compound is obtained from mild oxidation of cysteine? 


Define each of the following: 

a. the primary structure of a protein 

b. the tertiary structure of a protein 

€. the quaternary structure of a protein 
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10. 


11. 


12. 


Chapter 21 
Identify the spots. 
Asp 
® Пе 
TO 
=! Lys 
£ Phe 
2 
Фф Зег 
Туг 
e chromatography 
— 
Calculate the pI of the following amino acids: 
a. phenylalanine (pK,s = 2.16, 9.18) b. arginine (pK,s = 2.17, 9.04, 12.48) 


From the following information, determine the primary sequence of the decapeptide: 
a. Acid hydrolysis gives Ala, 2 Arg, Gly, His, Ile, Lys, Met, Phe, Ser. 
b. Reaction with Edman’s reagent liberates Ala. 
c. Reaction with carboxypeptidase A liberates Пе. 
d. Reaction with cyanogen bromide (cleaves on the C-side of Met) 
1. Gly, 2 Arg, Ala, Met, Ser 
2. Lys, Phe, Ile, His 
e. Reaction with trypsin (cleaves on the C-side of Arg and Lys) 
1. Arg, Gly 
2. Пе 
3. Phe, Lys, Met, His 
4. Arg, Ser, Ala 
f. Reaction with thermolysin (cleaves on the N-side of Leu, Ile, Phe, Trp, Tyr) 
1. Lys, Phe 
2. 2Arg, Ser, His, Gly, Ala, Met 
3. Пе 


Describe how acetaldehyde can be converted to alanine. 


Draw the mechanism for the conversion of a thiol to a disulfide in a basic solution of Bry. 
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Catalysis in Organic Reactions and in Enzymatic Reactions 


Important Terms 
acid catalyst 


active site 


acyl-enzyme intermediate 


amino acid side chain 
base catalyst 

catalyst 

covalent catalysis 
(nucleophilic catalysis) 


effective molarity 


electrophilic catalyst 
electrostatic catalysis 
enzyme 


general-acid catalysis 


general-base catalysis 


induced fit model 


intramolecular catalysis 


lock-and-key model 


metal-ion catalysis 


a catalyst that increases the rate of a reaction by donating a proton. 
a pocket or cleft in an enzyme where the substrate is bound. 


an amino acid residue of an enzyme that has been acylated while catalyzing a 
reaction. 


the substituent on the a-carbon of an amino acid. 
a catalyst that increases the rate of a reaction by removing a proton. 


a substance that increases the rate of a reaction without itself being changed or 
consumed in the overall reaction. 


catalysis that occurs as a result of a nucleophile forming a covalent bond with one 
of the reactants. 


the concentration of the reagent that would be required in an intermolecular 
reaction for it to have the same rate as an intramolecular reaction. 


an electrophile that facilitates a reaction. 
the stabilization of a charge by an opposite charge. 
a protein that is a catalyst. 


catalysis in which a proton is transferred to the reactant during the slow step of the 
reaction. 


catalysis in which a proton is removed from the reactant during the slow step of 
the reaction. 


a model that describes the specificity of an enzyme for its substrate: the shape of 
the active site does not become completely complementary to the shape of the 


substrate until after the enzyme has bound the substrate. 


catalysis in which the catalyst that facilitates the reaction is part of the molecule 
undergoing reaction. 


a model that describes the specificity of an enzyme for its substrate: the substrate 
fits the enzyme like a key fits into a lock. 


catalysis in which the species that facilitates the reaction is a metal ion. 


735 
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molecular recognition 
nucleophilic catalysis 
(covalent catalysis) 
nucleophilic catalyst 


pH-activity profile 
or pH-rate profile 


relative rate 


site-specific mutagenesis 


specific-acid catalysis 


specific-base catalysis 


substrate 


the recognition of one molecule by another as a result of specific interactions (for 
example, the specificity of an enzyme for its substrate). 


catalysis that occurs as a result of a nucleophile forming a covalent bond with one 
of the reactants. 


a catalyst that increases the rate of a reaction by acting as a nucleophile. 

a plot of the activity of an enzyme as a function of the pH of the reaction mixture. 
the relative rate is obtained by dividing the actual rate constant by the rate constant 
of the slowest reaction in the group being compared. 

a technique that substitutes one amino acid of a protein for another. 


catalysis in which the proton is fully transferred to the reactant before the slow 
step of the reaction. 


catalysis in which the proton is completely removed from the reactant before the 
slow step of the reaction. 


the reactant of an enzyme-catalyzed reaction. 
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~ Solutions to Problems 


1. 


737 


A catalyst increases the rate of a reaction by decreasing the difference in energy between the reactant 
and the transition state of the rate-limiting step. That is, it decreases the height of the energy hill of the 


rate-limiting step. 


The following parameters would be different for a reaction carried out in the presence of a catalyst: 
АН“, Ер; AS*, АС, kate: These are the parameters that reflect the difference in energy between the reactant 


and the transition state. 


The other factors do not change because they reflect the difference in energy between the reactant and 


product, which is not affected by catalysis. 


Notice that (1) and (2) have only the first part of the mechanism for the acid-catalyzed hydrolysis of an 
ester (because the final product of the reaction is a tetrahedral compound), (3) has only the second part 


(because the initial reactant is a tetrahedral compound), and (4) has both the first and second parts. 


Mechanism for acid-catalyzed ester hydrolysis: first part 


P М нв. у о Ко СОСЫ; — =" К—С—осњ 
: 5 Nec 7 -OH ОН + нв“ 
< 
H 
ë: N OH OH OH 
| (S < | | 
с HE R—C—R —— R—C—R 


Q) HE. === Reed =e ВЕСИ 
PES Van ROH | B 
R H R Ne + " 
OR OR + HB 
S 
H 
ee + 
б: H OH OH 
4 btc 53 R | NHCH R—C—NHCH 
= в” "NHCH в” “мнен, ^ | E 
: “нев 7 *OH он + нв“ 
С 
H 


a. Similarities: the first step is protonation of the carbonyl compound, the second step is addition of a 


nucleophile to the protonated carbonyl compound, and the third step is loss of a proton. 


b. Differences: the carbonyl compound that is used as the starting material; the nucleophile used in (2) is 


an alcohol rather than water. 
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Mechanism for acid-catalyzed ester hydrolysis: second part 


A 
OH бн +624 
ГС WO Si н l| ~ | 
к—с—0сн; 9—8 к—сросњ — ‚С 8. 
E a LUN ZU 
R он в он 
OH OH 
+ CH,OH MN 
H 
HON сн ск OCH; ia 
3 =. NEN H--B* rz ENS = БРЕТ === iar ERN 
3) R—C—H R—C—H "S vage RO н —— јаје H 
OCH; C :осн, WW 2? OCH; OCH; 
+ CH,OH | + нв“ 
OH OH Ун 
4) R—C ТЕ: R i NHCH | = | 
n | E | R/ “он R/ “он 
OH OH 
+ CH,NH, * HB* 


a. Similarities: the first step is protonation of the tetrahedral intermediate, and the second step is elimi- 
nation of a group from the tetrahedral intermediate. In two of the three reactions, the third step is loss 
of a proton. 


b. Differences: the group that is protonated—O in the first two and N in the third—and the group that is 
eliminated from the tetrahedral intermediate. The third step in acetal formation is not loss of a proton 
because the intermediate does not have a proton to lose. Instead, the third step is addition of a nucleo- 
phile, and the fourth step is loss of a proton. 

3. Both slow steps are specific-acid catalyzed; the compound is protonated before the slow step in each case. 


4. a. In specific-acid catalysis, the proton is added to the reactant before the O— C bond forms. 


CH; oy eS CH; :B CH; А СН» 
Е Nk Q М НВ 
OH OH H—0O% О 


b. In general-acid catalysis, the proton is added to the reactant and the О— С bond forms in the same step. 
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Chapter 22 


a. In specific-base catalysis, the proton is removed from the reactant before the O— C bond forms 


same step. 


CH4OH + :В 
b. In general-base catalysis, the proton is removed from the reactant and the О— C bond forms in the 


СИОН + :B 

The metal ion catalyzes the decarboxylation reaction by complexing with the negatively charged oxygen of 
the carboxylate group and carbonyl oxygen of the В-Кею group, thereby making it easier for the carbonyl 
oxygen to accept the electrons that are left behind when СО, 15 eliminated. 
Qi. б+ 

xs d О 

Д ô- 

O T 


О 


ion does not catalyze decarboxylation of these compounds. 


Because acetoacetate and the monoethyl ester of dimethyloxaloacetate do not have a negatively charged 
oxygen on one carbon and a carbonyl group on an adjacent carbon with which to form a complex, a metal 
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8. Co** can catalyze the reaction in three different ways. It can complex with the reactant, increasing the 
susceptibility of the carbonyl group to nucleophilic addition. It can also complex with water, increasing the 
tendency of water to lose a proton, resulting in a better nucleophile for hydrolysis. And it can complex with 
the leaving group, decreasing its basicity and thereby making it a better leaving group. 


Co-.. of 
: 305 S 
НМ NH; == "Da * ^ 
HÒ Cot | m 
ô+ 6–. | 
Со* ОН; === Со*---ОН + H* Cot, 
í 70 
HN - 


о + NH; + Со? 


9. Because the reacting groups in the trans isomer are pointed in opposite directions, they cannot react in an 
intramolecular reaction. Because they can react only via an intermolecular pathway, they will have approx- 
imately the same rate of reaction as they would have if the reacting groups were in separate molecules. 
Consequently, the relative rate would be expected to be close to one. 


| 
“с^ CH 


10. a. The nucleophile can attack the back side of either of the two ring carbons to which the sulfur is bonded 
in the intermediate, thereby forming two trans products. There are two nucleophiles (water and etha- 
ps so a total of four products will be formed. 


УСН; OCH;CH; SCH; 


CY SC&Hs on Е СН; Cy „ОСН»СН» 


11. Solved in (ће text. 


12. The tetrahedral intermediate has two leaving groups, a carboxylate ion and a phenolate ion. When there are 
no nitro substituents on the benzene ring, the carboxylate ion is a weaker base (a better leaving group) than 
the phenolate ion, so the tetrahedral intermediate reforms the ester. Thus, the reaction proceeds through 
general-base catalyzed hydrolysis of the ester. 


In contrast, when there are nitro groups on the benzene ring, the 2,4-dinitrophenolate ion is a weaker base 
(a better leaving group) than the carboxylate ion, so the tetrahedral intermediate forms the anhydride. 
Thus, the reaction proceeds through hydrolysis of the anhydride formed by nucleophilic catalysis. 
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13. 


If the ortho-carboxyl substituent acts as an intramolecular base catalyst, '8О will be incorporated into 
acetic acid and not into salicylic acid. 


С) 
cw 
ое) 
т) 
О 
= 
О— О 
О 1 
e 
BLES 
Є = 
© 


С С 
1855. ЕИ NN LYN LN 
an i No но’ № -0 \% 
Н ee 
| | 
О О 
|| НО || -O 
CH;CO- + ——  CH;COH + 
18 18 
С С 
YN YN 
70 No 70 No 
salicylate 


If the ortho-carboxyl substituent acts as an intramolecular nucleophilic catalyst, '*O would be incorporated 


into both salicylic acid (if water adds to the carbonyl group attached to the benzene ring) and acetic acid 
(if water adds to the carbonyl group attached to the methyl group). 


С 
Es 
| e 
ö 
Ы т 
^ 
с 
|. ЕМ 
O O: 
к 
| | 
о 
| 
© 
о 


Here water adds to the carbonyl group 
attached to the benzene ring. 


HO =——— но НО -О 
HO!$ 18 
C C `c is 
УМ Ра“ re Yr 
-0/ “ HO № сње—07 (9: CHC—O 0- 
18 18 || ^ | 
+ Ht СНзСО- О О 
|| + Ht 
О 
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Not all of the salicylic acid would contain О, because the anhydride intermediate has two different 
carbonyl groups. If water adds to the benzyl carbonyl group (above), salicylic acid will contain 180. If, 
however, water adds to the acetyl carbonyl group (below), acetic acid will contain 30. 


-О HO 
с C 
ЖА 
f сте Со’ “о в o 30 
НИ с CH;COH 


Here water adds to the carbonyl group 
attached to the methyl group. 


14, Solved in the text. 
15. 2, 3, and 4 are bases, so they can help remove a proton. 


16. Ser-Ala-Leu is more readily cleaved by carboxypeptidase A, because the nonpolar isobutyl substituent of 
phenylalanine is more attracted to the hydrophobic pocket of the enzyme than is the negatively charged 
substituent of aspartate. 


17. Glu 270 adds to the сагбопу! group of the ester, forming a tetrahedral intermediate. Collapse of the tetra- 
hedral intermediate is most likely catalyzed by an acidic group of the enzyme, which increases the leaving 
ability of the RO group. (Perhaps the HO substituent of tyrosine is close enough in the esterase to be the 
catalyst.) The group that donates the proton can then act as a base catalyst to remove a proton from water 
as it hydrolyzes the anhydride. 


ROWS Ба 
a | No” СА 
Glu 270 О: —— 0270 О о: 


hof 
HO R ic R 
pa -— A Ne — ш » 
Glu 270. „о Glu 270. „9 C: Glu 270. „о Со 
| 7] | | 
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18. Because arginine extends farther into the binding pocket, it must be the one that forms direct hydrogen 
bonds. Lysine, which is shorter, needs the mediation of a water molecule in order to engage in hydrogen 
bond formation with aspartate. 


arginine lysine 

CH; |“ 

ЈЕ ri 

He rus 

ү Г 

9+/ į 

C—N N 

| N / | \ 

SN Н, Hg H end of lysine 
Z N HOCH Н E 
end of arginine H H N : 0 HOCH) 
5 8 r Н H ЊУ \ 

-0 0-5 ү ' 

в. 5-0) o Р 
| \ Ул р 


19. The side chains of p-Arg and р-Гуз are not positioned to bind correctly at the active site. 
They would, however, be able to bind at a mirror image of the active site. 


20. МАМ will contain !30 because it is the ring that undergoes nucleophilic attack by HJ*O. 


\ 
с=0 


21. a. Because the catalytic group is ап acid catalyst, it will be active in its acidic form and inactive in its 
basic form. The pH at the midpoint of the curve corresponds to the pK, of the catalytic group because 
pH = pK, when [HA] = [А ]. (See page 70 of the text.) 


enzyme activity 


5.6 
pH 
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23. 


24. 


Chapter 22 


b. Because the catalytic group is a base catalyst, it will be inactive in its acidic form and active in its basic 
form. 


= 
Z 
© 
: pKa 
Е 1 
> | 
N 1 
5 i 
1 
! 
! 
7.2 
рН 


The ascending leg of the pH-rate profile is due to a group that is a general-base catalyst because the rate is 
at a maximum when the group is in its basic form. From the description of the mechanism, we know that 
amino acid is histidine. 


The descending leg of the pH-rate profile is due to a group that is a general-acid catalyst because the rate is 
at a maximum when the group is in its acidic form. From the description of the mechanism, we know that 
amino acid is lysine. 


enzyme activity 


6.7 9.3 
pH 


In the absence of an enzyme, D-fructose is in equilibrium with D-glucose and D-mannose as a result of 
an enediol rearrangement (Section 20.5). Both C-2 epimers are formed, because a new asymmetric cen- 
ter is formed at C-2 and it can have either the R or the S configuration. Enzyme-catalyzed reactions are 
typically highly stereoselective—the enzyme catalyzes the formation of a single stereoisomer. Therefore, 
D-fructose is in equilibrium with only D-glucose in the presence of the enzyme that catalyzes the enediol 
rearrangement. 


СЊОРОЈ 
2— 
wore CH;OPO; 
HO H C—O: | 
— «+ =. | PET C = О 
<O--H “ӧн ноен 
де CHOH 
H OH но 
Я NaF H+O HO 
CH30POj3 | 
H OH 
CHjOPO; 
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The positively charged nitrogen of the protonated imine can accept the electrons that are left behind when 
the C3 — C4 bond breaks. 


СН»ОРО 
+ 
С TM —(CH3)4 — Lys 
HO H 


Е xg 
OH 
СЊОРОЈ 
In the absence of the protonated imine, the electrons would be delocalized onto a neutral oxygen. (See 


Problem 24.) The neutral oxygen is not as electron withdrawing as the positively charged nitrogen of the 
protonated imine. In other words, imine formation makes it easier to break the C3 — C4 bond. 


Because 2 is a primary amine, it can form an imine. Notice that 1 cannot form an imine because the lone 
pair оп the NH, group is delocalized onto the oxygen, so this МН, group is not a nucleophile. The М in З is 
not nucleophilic because its lone pair is delocalized (the lone pair is part of indole's 7 cloud). 


Ci 
T CH;C LN Н» 
In order to break the C3 — C4 bond, the carbonyl group has to be at the 2-position as it is in fructose so that it 


can accept the electrons that result from C3 — C4 bond cleavage; the carbonyl group at the 1-position in glucose 
cannot accept these electrons. Therefore, glucose must isomerize to a ketose before the reaction can occur. 


H O 
J 
NA CHOH 
No C=0 
H ОН VA UU Yes 
HO H HO H РА 
Н d^ H H Cog 
OH OH 
СЊОРО CH;OPOj 
glucose-6-phosphate fructose-6-phosphate 


Cysteine residues react with iodoacetic acid because a thiol is a good nucleophile and iodine is a good 
leaving group. If a cysteine residue is at the active site of an enzyme, adding a substituent to the sulfur in 
this way could interfere with the enzyme's being able to bind the substrate or it could interfere with posi- 
tioning the tyrosine residue that catalyzes the reaction. Adding a substituent to cysteine might also cause a 
conformational change in the enzyme that could destroy its activity. 


О 
|| | 
/ ES Их 
Cys— CHoSH + [em О —- Cys—CH,SCH, © + Гг + Ht 


A=O 
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The following compound eliminates HBr more rapidly because the negatively charged oxygen is in posi- 
tion to act as an intramolecular general-base catalyst. 


Ban AR 


The following compound will form an anhydride more rapidly because it forms a five-membered-ring anhy- 
dride, which is less strained than the seven-membered-ring anhydride formed by the other compound. The 
greater stability of the five-membered-ring product causes the transition state leading to its formation to be 
more stable than the transition state leading to formation of the seven-membered-ring product. 


н C—O 
|| О 
О 
|| || || || 
CNH: CNH, CNH, CNH; 
~ T OH 
О ortho-hydroxybenzamide 


ortho-carboxybenzamide 


In order to hydrolyze an amide, the МН, group in the tetrahedral intermediate has to leave in preference to 
the less basic OH group. This can happen if the NH, group is protonated because *NH; is a weaker base 
and, therefore, easier to eliminate than OH. Of the four compounds, two (ortho-carboxybenzamide and 
ortho-hydroxybenzamide) have substituents that can protonate the NH) by acting as acid catalysts in a hy- 
drolysis reaction carried out at pH = 3.5. 


:OH :OH 
C—OH 
“н, (н, 
сбн Ó--H 
O 


Because the carboxy group withdraws electrons from the ring by resonance and the OH group donates 
electrons to the ring by resonance, formation of the tetrahedral intermediate will be faster for the carboxy- 
substituted compound. 


The carboxy group is a stronger acid than the OH group (and with a pK, = 4.2, 83% will be in the acidic 
form at pH = 3.5). Therefore, a larger fraction of the tetrahedral intermediate will be protonated than in 
the case of the hydroxy-substituted compound, so collapse of the tetrahedral intermediate will be faster. 
Therefore, the ortho-carboxybenzamide has the faster rate of hydrolysis. 
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а. CH3CH2SCH2CH)~-C! 


нб.) „OH 
b. C 


ARG 
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intramolecular nucleophilic catalysis 


intramolecular general-acid catalysis 
The OH substituent is protonating the leaving group as it departs, 
causing it to be a weaker base and, therefore, a better leaving group. 


If the ortho-carboxylate ion is acting as a general-base catalyst, the kinetic isotope effect will be greater 
than 1.0 (see Problem 91 in Chapter 9), because an O— H (or O— D) bond is broken in the slow step of 
the reaction and an O— D bond is stronger than an O— H bond and, therefore, is harder to break. 


If the ortho-carboxylate ion is acting as a nucleophilic catalyst, the kinetic isotope effect will be about 1.0, 
because an О— Н (or O— 1) bond is not broken in the slow step of the reaction. 


O 

Si 

CH3CO 
С 
РА 
Or cw О 
rate constant for the catalyzed reaction 15x100M's! | РЕТ 
rate constant for the uncatalyzed reaction 0.6 M`! 57! | 


Со?* can catalyze the hydrolysis reaction by complexing with three nitrogen atoms in the substrate as well 
as with water. Complexation increases the acidity of water, thereby providing a better nucleophile (metal- 
bound hydroxide) for the hydrolysis reaction. Complexation with three nitrogens locks the nucleophile into 
the correct position for addition to the carbonyl carbon. 


ô+ 
= Ея Со DE 
Н.С N 
| ~ 
27 
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HO (à 
H 
O +N 
ANS PO N AME e E 
ВМ HN | Q^ E Co | 
| | 
Н.С М a HC М CH; 


Њ ® 
22 2 
36. Class І aldolases use а protonated imine as a site to which electrons can be delocalized (see Problem 25). Class П 
aldolases use a metal ion complexed with the carbonyl group as a site to which electrons can be delocalized. 


CHjOPO7T сово 
ô 3 
CTO" zw" cL o, Zn* 
| 
НО Н === HOZC—H 
H сон 6 сњ— н о Л 
а e “2 нео сњ— 
СН;ОРО?- H OH 
CH;OPO? 


37. Knowing that the reaction is much slower if the N is replaced by a CH tells us that the N must be acting as 
a catalyst. We see that the N is in position to be an intramolecular nucleophilic catalyst. 


Cl OH 
=) САР ЖИ 


CH3—N: CH3;—N VB S 
а а Са 


38. In the absence of morpholine, the first step of the reaction is addition of water to the ester because addition 
of water to the aldehyde would form a hydrate that would be in equilibrium with the aldehyde. 


Two mechanisms can account for the observed catalysis by morpholine. In the presence of morpholine, the 
first step of the reaction (in both mechanisms) is addition of morpholine to the aldehyde. The reaction of 
morpholine with the aldehyde is a faster reaction than the reaction of water with the ester because morpholine 
is a better nucleophile than water and an aldehyde is more susceptible to nucleophilic addition than an ester. 
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In one mechanism, the negatively charged aldehyde oxygen (which is a much better nucleophile than 


water) is the nucleophile that adds to the ester. The tetrahedral intermediate collapses to form a lactone. 
Iminium ion formation followed by imine hydrolysis forms the final product. 


C) С) 


М С 
> 
О — + CH3OH 


a X 


|| H М 
С N HN С —М+ О 
С ЕСС 
on imine од 
с“ hydrolysis - / 


а 


О== 
o= 


In the other mechanism, the reaction of morpholine with the aldehyde forms an iminium ion. The posi- 
tively charged iminium ion makes it easier for water to add to the ester by stabilizing the negative charge 
that develops on the oxygen. Collapse of the tetrahedral intermediate followed by imine hydrolysis forms 
the final product. 


H / \ Нм A Нм a 


\ HN о C=N+ О =N+ О 
CO = С» — Qs 
DEP SCR RE О Her 
imine zc =. 
с“ OCH formation co J 
j i У \ HO ^ 
О H,0: OCH; OCH; 
А | 
= T Нм Y 
= N+ 
HN о + CT 22180935 —/ 
О imine О 
| 4 с“ hydrolysis с“ 
\ \ + CHOH 
= ОН 
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39, М N 
~Q DQ 
N Мд+ М № + 
OX Ju Lee OC ћ di „1 
м6: SG — м:-:---74----0-С 
| ld WP Ns 
Nô+ H “о | NOt но 
и AY 
N N 
H H 
ом 
Н 
7 
DP 
" N + 
ls. i be 
Ви HO 
А с=0 
Nó. Н О 
ALY 
N 
H 
40. 


At pH = 12, the nucleophile is hydroxide ion. Addition of hydroxide ion to the carbonyl group is faster in A 


because the negative charge on the oxygen that is created in the tetrahedral intermediate is stabilized by the 
positively charged nitrogen. 


ae N — 
) Sip 
A B Cy’ 
HOF HÖF 
faster 


At pH = 8, the nucleophile is water because the concentration of hydroxide ion is only 1 X 1076 M. 


Addition of water to the carbonyl group is faster in B because the amino group can act as a general-base 
catalyst to make water a better nucleophile. 


faster 
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41. a. The cis reactants each undergo an Sy2 reaction. Because the acetate displaces the tosylate group by 
back-side attack, each cis reactant forms a trans product. 


| 
CH3—C—O: сњ сњ 
o= | 
— O H 
1502 ? H | 
о= | = 
СНз CH; 


b. The acetate group in a trans reactant is positioned to be able to displace the tosylate leaving group by 
an intramolecular 5,2 reaction. Acetate ion then attacks in a second Sy2 reaction from the back side of 
the group it displaces, so trans products are formed. Because both trans reactants form the same inter- 
mediate, they both form the same products. Because the acetate ion can attack either of the carbons in 
the intermediate equally easily, a racemic mixture will be formed. 


CH; CH3 
i-o ос 
Н i + Д Н 
О н О 
S p 
Ша B 


c. The trans reactants are more reactive because the tosylate leaving group is displaced in an intra- 
molecular reaction, and the resulting positively charged cis intermediate is considerably more reactive 
than the neutral cis reactants. Thus, a trans isomer undergoes two successive Sy2 reactions, each of 
which is faster than the one step 5,2 reaction that a cis isomer undergoes. 


42. Reduction of the imine linkage with sodium borohydride causes fructose to become permanently attached 
to the enzyme because the hydrolyzable imine bond has been lost. Acid-catalyzed hydrolysis removes the 
two phosphate groups and hydrolyzes the two peptide bonds, so the radioactive fragment that is isolated 
after hydrolysis is the lysine residue (covalently attached to fructose) that originally formed the imine. 
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СЊОРОЗ Na 
14C—=N— (СНз), — CH 
HO H с=0 
OH i 
OH | 
CH,OPO; 


43. 


| 
„7908057 и 
+ ЖУ 
1. NaBH, e 
2. HO* | 
NH 
| 
СН;ОРОЈ 
HCI | H,O 
duos +NH3 


суі 
C—O 


| 
OH 


CH,OH 


а. 3-Amino-2-oxindole catalyzes the decarboxylation of an a-keto acid by first forming an imine, which 


increases the acidity of the hydrogen on the a-carbon. Now the compound can be decarboxylated 
because the electrons left behind are delocalized onto an oxygen. 


H--B’ 
H О BÍ № d V 
NES || E. N—G 
R Z P imine formation C—O 
о + ^ ‘oH о | 
` о H ® 
a-keto acid. H 
„ | 
=< N a 
Nu cx 
у сео 
ОН _ decarboxylation _ О 5) 
N 
+ СО; H | l; 
*%. 
H и“ R 
Nee NH, O=C 
ga H imine hydrolysis 5 H 
N N 
H H 
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b. 3-Aminoindole would not be as effective a catalyst, because the electrons left behind when СО; 15 
eliminated cannot be delocalized onto an electronegative atom. 


МН О N= сЁ ) 
B — 
| еб 
\ E R Né о imine formation N n 
N || N 
H О Н Н 
3-апипотдоје a-keto acid 


44. a. Intramolecular nucleophilic attack on an alkyl halide occurs more rapidly than intermolecular attack on 


an alkyl halide, because the reacting groups are tethered in the former, which makes it more likely that 
they will find each other to react. The intramolecular reaction is followed by another relatively rapid 
512 reaction, because the strain in the three-membered ring causes it to break easily. 


P ae О = 


М, 
о 


:Мис = guanine 


N м СГ 


со 
с чү S == GN — Мис AL У „©! 
| Саһ. 9 | 
О | 
МЧ <” 
: Cl са СК El | y i 
EO QS — — 
РУ О С cr NS N 
| 
М R 


22 
| М МН» 
R | | 
R 
О | О 
N À : 
НМ | Ne Cl 4 | NH 
we N „7 
В R 
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Chapter 22 Practice Test 


Chapter 22 


Indicate whether each of the following statements is true or false: 


a. 
b. 


с. 


In lysozyme, glutamate 35 is а catalyst that is active in its acid form. Explain its catalytic function. 


Show the curved mechanism arrows for the first step in the mechanism for chymotrypsin. 


| 
Asp102 — СН2СО`----НМ 


The reactant of ап enzyme-catalyzed reaction is called a substrate. 


Complexing with a metal ion increases the pK, of water. 


a. What kind of catalyst is histidine in this step? 


b. What kind of catalyst is serine in this step? 


с. 


How does aspartate catalyze the reaction? 


A catalyst increases the equilibrium constant of a reaction. T 


An acid catalyst donates a proton to the substrate, and a base catalyst 
removes a proton from the substrate. 


У 


Draw а pH-rate profile for an enzyme that has one catalytic group at the active site with a pK, 
that functions as a general-acid catalyst. 


TST i nai 
2 
aa p^ 4 
Aspio? — СНСОТ---НМ ZN: ° Юй. 
NHR 
first step 
А Ѕег 
Hiss7 .. | 195 
7 CH 
> га 
N О 
КУЯ | О: 
МНЕ 
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Draw a pH-rate profile for an enzyme that has one catalytic group at the active site with a pK, = 5.7 
that functions as a general-base catalyst. 


= 5.7 


CHAPTER 23 


The Organic Chemistry of the Coenzymes, Compounds Derived from Vitamins 


Important Terms 


biotin 


coenzyme 
coenzyme A 
coenzyme B}, 
cofactor 


competitive inhibitor 


dehydrogenase 


electron sink 


flavin adenine 
dinucleotide (FAD) 


heterocyclic compound 


lipoate 


mechanism-based inhibitor 
(suicide inhibitor) 


molecular recognition 


nicotinamide adenine 
dinucleotide (NAD* ) 


nicotinamide adenine 
dinucleotide phosphate 
(NADP*) 


nucleotide 


the coenzyme required by enzymes that catalyze carboxylation of a carbon 
adjacent to an ester or a keto group. 


a cofactor that is an organic molecule. 

a thiol used by biological organisms to form thioesters. 

the coenzyme required by enzymes that catalyze certain rearrangement reactions. 
an organic molecule or a metal ion that an enzyme needs to catalyze a reaction. 


a compound that inhibits an enzyme by competing with the substrate for binding at 
the active site. 


an enzyme that carries out an oxidation reaction by removing hydrogen from the 
substrate. 


a site to which electrons can be delocalized. 


a coenzyme required in certain oxidation reactions. It is reduced to ЕАрН,, which 
is a coenzyme required in certain reduction reactions. 


a cyclic compound in which one or more of the ring atoms is an atom other than 
carbon. 


a coenzyme required in certain oxidation reactions. 


an inhibitor that inactivates an enzyme by undergoing part of the normal catalytic 
mechanism. 


the recognition of one molecule by another as a result of specific interactions. 


a coenzyme required in certain oxidation reactions. It is reduced to NADH, which 
is a coenzyme required in certain reduction reactions. 


a coenzyme that is reduced to NADPH, which is a coenzyme required in certain 
reduction reactions. 


a heterocycle attached іп the B-position to the anomeric carbon of a phosphorylated 
ribose. 


756 
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pyridoxal phosphate 


suicide inhibitor 
(mechanism-based 
inhibitor) 
tetrahydrofolate (THF) 
thiamine pyrophosphate 
(TPP) 


transamination 


transimination 


vitamin 


vitamin KH, 
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the coenzyme required by enzymes that catalyze certain transformations of amino 
acids. 


a compound that inactivates an enzyme by undergoing part of its normal catalytic 
mechanism. 
the coenzyme required by enzymes that catalyze a reaction that donates a group 


containing a single carbon to its substrate. 


the coenzyme required by enzymes that catalyze a reaction that transfers an acyl 
group from one species to another. 


a reaction in which an amino group is transferred from one compound to another. 


the reaction of a primary amine with an imine to form a new imine and a primary 
amine derived from the original imine. 


a substance needed in small amounts for normal body function that the body 
cannot synthesize or cannot synthesize in adequate amounts. 


the coenzyme required by the enzyme that catalyzes the carboxylation of glutamate 
side chains. 
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Сћаргег 23 


Solutions to Problems 


1. 


The metal ion (Zn?*) makes the carbonyl carbon more susceptible to nucleophilic addition, increases the 
nucleophilicity of water by making it more like a hydroxide ion, and stabilizes the negative charge on the 
transition state. 


The alcohol is oxidized to a ketone. 


О. LO 1 
О О isocitrate О О О О 
d 
- + МА? “cr _ + NADH + H* 
О О О 
OH О 


The ketone is reduced to ап alcohol. 


О 


О 
_ + NADH + н" m. _ + NAD' 
О О 


О ‚ ОН 


а. FAD has seven conjugated double bonds (indicated by *). 


ху 


b. FADH, has three conjugated double bonds (on the left of the molecule). It also has two conjugated 
double bonds (on the right of the molecule) that are isolated from the other three. 


R 
| H 
H3C ж „М М О 
МН 
3C жх М 
H ж 
О 
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The nitrogen that is the stronger base is the one most apt to be protonated. М-1 is a weaker base than 
N-5 because the 7 electrons that belong to N-1 are delocalized onto an oxygen when a nucleophile 


adds to C-10a. The т electrons that belong to N-5 end up on nitrogen when a nucleophile adds to 
C-4a. Nucleophilic addition, therefore, occurs at the position (4a) that results in the stronger base 


(N-5) being protonated. 
MES 1 
М О 
МАЛА с ^ 27 љу 
Гаро | NH 
| о 


Solved in the text. 


When a proton is removed from the methyl group at C-8, the electrons that are left behind can be delocalized 
onto the oxygen at the 2-position or onto the oxygen at the 4-position. 


x | 
НС М N. CO 
d d 
EX @ NH 
Н.С М 
О 


When a proton is removed from the methyl group at C-7, the electrons that are left behind can be 
delocalized only onto carbons that, being less electronegative than oxygen, are less able to accommodate 
the electrons. 


B: 
C-8 ------- = 


| 
HC N cn di 
C-7 H.C} ^ N^ "e 
-[------- > 2 
| ae | 
в: H 


Copyright © 2017 Pearson Education, Inc. 


760 Chapter 23 


8. НО 
CH ee H кал 
? | 23 СА | |.) v7 
Ax Q: 97€ Q: 
RNA) `s | 


а B-keto acid 


pyruvate-TPP 
intermediate 


9. Notice that the only difference in the mechanisms for pyruvate decarboxylase and acetolactate synthase is 
the species to which the two-carbon fragment is transferred—a proton in the case of pyruvate carboxylase 


and pyruvate in the case of acetolactate synthase. 


H—B 
О 0 
| T HO y: но saci 7 
2 
И Н.С-—-С СН | 
сн; | E 2 v г О 
О | we 
CAN — ы 66 


G 1 2 
о О CH,C—C—c” 
| | < | yas 
a Ne „му з c 
MS S 


acetolactate 
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10. Notice that the only difference in this reaction and the one in Problem 9 is that the species to which the 
two-carbon fragment is transferred has an ethyl group in place of the methyl group. 


uh 
alt ( 9 
i УЫ 
LE = У. N VA 
С О: НО О HO CH3CH, C 
Аи | 4 | 
СН; С CHC С “7 СН»С 
| | “ғ 


cee ДАЧ 


Е | b 
О О CH3C—C—C. В 
с | | SS a CH e 
Z \ Z \ 2 3 
RNÁ So Я: сн/ bod ^o = =. RN 4 5 


И 
у HO | CH,CH, 2 


a-aceto-a@-hydroxybutyrate 


11. Solved in the text. 


О О 


О 

12 | ТИ. | 

А а. P . Ded c. VEN 
CH; CH3 HOCH), 


13. The compound on the right is more easily decarboxylated because the electrons left behind when CO, 
is eliminated are delocalized onto the positively charged nitrogen of the pyridine ring. The electrons left 
behind if the other compound is decarboxylated cannot be delocalized. 


О О 
I || 
(УМ ASA. 
CHCH; CH;| 6: 
SS BS 
| +2 | ~ 
N N 
H NÔ 
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14. The а-Кею group that accepts the amino group from рупдохапипе is converted into an amino group. 


О О 
а. _ 
yo — Ра 
О *NH; 
pyruvate alanine 
O O 
b О z E 
re d ose 
о O O "NH, 
oxaloacetate aspartate 


15. The first step (after transimination) in all amino acid transformations catalyzed by PLP is removal of a 
substituent from the a-carbon of the amino acid. The electrons left behind when the substituent is removed are 
delocalized onto the positively charged nitrogen of the pyridine ring. If the ring nitrogen were not protonated, 


it would be less attractive to the electrons. In other words, it would be a less effective electron sink. 


H/ Wi 


| 
e (cx 


ô+ 

N 
a 
HC H 
Ж, 
SA О 


| C 


16. The hydrogen of the OH substituent forms a hydrogen bond with the nitrogen of the imine linkage. (See 
Problem 15.) This puts a partial positive charge on the nitrogen, which makes it easier for the amino acid 
to add to the imine carbon in the transimination reaction that attaches the amino acid to the coenzyme. It 
also makes it easier to remove a substituent from the a-carbon of the amino acid. If the OH substituent is 


replaced by an OCH; substituent, a proton is no longer available to form the hydrogen bond. 
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17. For clarity, the substituents are not put on the three bonds attached to the pyridinium ring in 
Problems 17 and 18. 


H—B : О 
P" 7p 79 :В 2 
H-“O~*CH,7-CH—C CH—C CH;—C 
Qt. x o= EO 58 | `o 
О О М 2 
f A^ УД 
B Hc HC HC 
(ua = 19. — (^ 
N 
+ 22 М + 
М М 
NO H H 
| 
transimination | (CH>), 
NH, 
| 
Нм 
М 
НС 
О 
2 
CH,—C US 
| NS + 
NH, + 27 
М 
glycine H 


18. In the first step, a proton is removed from the a-carbon; in the next step, the leaving group is eliminated 
from the B-carbon. Transimination produces an enamine. The enamine tautomerizes to an imine that is 
hydrolyzed to the final product. 


qu HB' 
H 


| Ум 4 p> oe 
X—CH,—C}C _сњ.—с— - — 
2 Й у: X" сну те а х сис Um 
HC) нс) не“ 
> SS 
| E | 3 | + 47 
NO М N 


transimination (СН 
NH, 
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j 
N 
|| НС“ 
СНз S E tautomerization Р 
| О 2 VET ; n 2 | 
NH NH, © Si 
an enamine H 
HCI | imine 


H20 | hydrolysis 


О 
|| А 
CH, А + NH, 


о 


19. The mechanism is the same as that shown іп the text for dioldehydrase. The tetrahedral intermediate that 
is formed as a result of the coenzyme B,2—-catalyzed isomerization is unstable and loses ammonia to give 
acetaldehyde, the final product of the reaction. 


H H H 
| E 
сн, HO—C—H Adcu, HO-C—H me A H 
cm "TT a V M com T 
| ^| 
AdCH; AdCH, | H—C—H xin T 'C—H 
Co(II) Co(II) oe Co(II) АНИ 
EE 
| | | 
H—C—H а е ps 
may —Н 
ZN AEN S 
H * H-4O H "NH; 
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o 
o 
O 


C propionyl-CoA С methylmalonyl-CoA С 
carboxylase oN mutase 


“oN SN 
CH3CH; SCA ———— —* чөн $СоА ———— ~ CH;CH, SCoA 


biotin 


coenzyme В |2 
propionyl-CoA НСО}, ATP, Ма" 


coo COO 
succinyl-CoA 


They differ only in the circled part of the molecule. 


HN ZN Nw HoN ZN Nw 
\ Д. \ 2 
М М 


folic acid aminopterin 


The methyl group in thymidine comes from the methylene group of N?,N -methylene-THF, followed by the 
addition of a hydride ion from the coenzyme. The methylene group of N°,N 10 methylene-THF comes from 
the CH,OH group of serine by means of а PLP-catalyzed C,— Cg cleavage. (See page 1082 in the text.) 


Two thiol groups are oxidized in each of the two reactions that overall reduces vitamin K epoxide to 
vitamin KH;. Because dihydrolipoate has two thiol groups, each thiol oxidation involves an intramolecular 
reaction. When thiols such as ethanethiol or propanethiol are used, each thiol oxidation involves an 
intermolecular reaction. These thiols react more slowly than dihydrolipoate, because the two thiol groups 
are not in the same molecule. Therefore, they have to find each other to react. 


a. 
b. 
c. 


ao oS 


thiamine pyrophosphate 
FAD oxidizes dihydrolipoate back to lipoate. 
МАР“ oxidizes FADH, back to FAD. 


O 
| || 
о а — uL xx 
Th ra 
CH, se 
ПИ ООС СОО 


thiamine pyrophosphate and pyridoxal phosphate 

Thiamine pyrophosphate is used for the decarboxylation of a-keto acids. 
Pyridoxal phosphate is used for the decarboxylation of amino acids. 

biotin and vitamin KH, 

Biotin carboxylates a carbon adjacent to a carbonyl group (that is, an a-carbon). 
Vitamin KH, carboxylates the у-сагбоп of a glutamate. 


thiamine pyrophosphate, carboxybiotin, pyridoxal phosphate 
МАР“, NADP*, FAD 

vitamin KH, 

N-substituted tetrahydrofolate 
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26. а. acetyl-CoA carboxylase; biotin 
b. dihydrolipoyl dehydrogenase; FAD 
c. methylmalonyl-CoA mutase; coenzyme В|, 
d. aspartate transaminase; pyridoxal phosphate 
e. propionyl-CoA carboxylase; biotin 


27. a. thiamine pyrophosphate, lipoate, coenzyme A, FAD, МАР“, indicated by numbers 1—5 in the 
mechanism below 
b. The mechanism is exactly the same as that for the pyruvate dehydrogenase system. 


С О 
Их 
a-keto- ax JSS | O 
lutarate = = 
g А „~ О Е О CH5CH; О 
ЕМ 5 N 


1 
о B= О 
| Ao | ОН МАЛЕ 
ың СН 1 5 SH га u^ C | 5—5 
2CH?—C— O H;CH;— x 
M hu = Vut 
R 
T ^s У Ng lipoate 


O О О О 
|] |] 
d / CoASH E. 
O/ "CH,CH/ “ sH E O/ "cH,cH/ “сод + HS SH 
| TS succinyl-CoA R 
wae n 
RN S 4 | FAD 


NAD 
Ht + NADH + FAD -—— FADH, + P 
R 
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The product of transamination of ап amino acid has а carbony] group in place of the amino group. 


O 
Li le (а 
О 
Их И SN ОХ 
а. к | р с” е e 
CH; О CH; О сњ О 
derived from Val derived from Leu derived from Ile 
O 
| || || 
KCN S S JC CN 
b. ть SCoA а SCoA ыы $СоА 
СН» СН; СН» 


с. The reaction catalyzed by a-keto acid dehydrogenase is identical to the reaction catalyzed by the 
pyruvate dehydrogenase complex (Section 23.3). Therefore, they both require the same coenzymes: 
thiamine pyrophosphate, lipoate, coenzyme A, FAD, МАР“. 


d. The disease can be treated by a diet low in branched-chain amino acids. 


О 
Po 
CHÍ > HOCH; b "'OOCCH,CH/ ` 
О О О 
| | i 
" 
cH,cH’ “ сн,снсн/ ~ CH,CH,CH’ “~ 
CH, CH, CH; 
COO- со0- COO- 
Agcg, Сз C—H дасн, AH CH adcH, 2 y 
С с=0 C-H с=о С=О 
Со(Ш) 
| Со(П) | Co(II) | 
$СоА $СоА $СоА 
соо- соо- 
CH;—CH AdCH;—H CH; —C—H 
AdCH; AdCH, p^ а UNS : 
| === C=O => C=O 
Со(Ш) Coli) | Co(II) | 
$СоА $СоА 
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31. The products of the reaction are shown below. 
O 


|| 
С 


oN 
Ad—CHT + СН.СНТ T + ЊО 
Со(Ш) 


The following mechanism explains the products: 


CH; CH; CH; 
HO—C—T HO—C—T Аст 
AdCH, — >» AdCH, с —— Ант (| 
I—C—T = T> CT "Сет 
Со(Ш) | Co(II) | Co(II) | 
OH OH OH 
ү” H i ~ T 
AdCHT | ——— AdCHT H—C—T ~—— AdCHT ‘Ci 
Со(Ш) Со(П) НО— T EE Co(II) HO 1 Т 
ОН ОН 
dehydration 
Јо 
i3 T UM + H,O 
C 
ZN 
o T 


If there is only a limited amount of coenzyme, the second H of the coenzyme can be replaced by T in a 
subsequent round of catalysis, which means that the final product will be: 


Z/N 
Ad—CT, + CH3CHT T + Но 
Со(Ш) 
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НМ 
vg 


ribose-5'-phosphate 


О 


НМ 
— RÓ T 
fy 
О "m 


ribose-5'-phosphate 


т 
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О 
T 
HN zs 
O n T 


ribose-5'-phosphate 


769 


33. For clarity, the substituents are not put on the three bonds attached to the pyridinium ring in Problems 
33—36. Each reaction in Problems 33-35 starts after the amino acid has undergone transimination with the 


lysine-bound coenzyme. 


M 29 
нон, Сус 
Мо 
нс”) 
enzyme catalyzed 
| WS reaction 
+ 2 
М 
H 
O 
| 
СН» 
NZ IN eL 
i O 
NH 
enzyme catalyzed НСІ | imine 
reaction H20 | hydrolysis 
О 
I 
СН» 
Now. Cue 
С О 
| 
О 


nonenzyme 
catalyzed reaction 
== 


tautomerization 


+ МН, 
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34. 5 
Н 


О 
PA 
х—єн,—©уС 
г 
N 
нс 
te 
+ 27 
N 
№) 
A 
Y—CH,—CH—C? 
Ц © 
Hc^ 
| SS 
"m 
N 
H 


transimination ох 


Tt 
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35. C :В H—B* 
H 
2 _ УМ 
Х— СН.— CH, сс} Х CH=CH] С—С 
| О | Ng 
2“ _N 
HE) — — НС } 
| | Ч 
+ 2 A. 
N N 
H H 
; | 
| В ^ 
(CH2)4 CH3;3CH=C—C 
| pov 
2 Е ZN c 
О нс” | HC^ 
|| (CH2)4 
AN. “ |, “ 
сњсн=с о + ——— | 
| M» transimination Ку? 
NH, N N 
H H 
| tautomerization 
O 
CH,CH c HO | 
3 2 “=” Ne H20 CHCH, \ Zw + *NH, 
imine О 
I hydrolysis || 
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36. 


С == 
/ 
l 
Q= 
Ф 
С) 
= 
N 
(а 
т 
~ 
| 
ua 
ua 
a 


TNs AX 
Сй ОР ci сњ ) 9: 


| у transimination | 


+ NH3 N E N B. N 
id д ЖА 7 
glycine нс HC’) HC” 
D А ~ 
e (S ® 
+ es + 
М М Е 
H +00, 
| 
transimination | (CH2)4 
NH; 4 x 
е Шш 
3 _ z 
№ N!°.methylene-THF + Мн, + HS SH „э_ НҢ МСН; 5 SH + sN © 
ТНЕ НС 77 
| SS 
E,|FAD | 
+ 27 
М 
S—S H 


FAD + NADH + H* 


FADH, + (а 


37. | Nonenzyme-bound FAD is а stronger oxidizing agent than МАР“, so NAD* cannot oxidize FADH, to 
FAD. When the enzyme binds FAD, it makes it a weaker oxidizing agent. Therefore, when bound to the 
enzyme, FAD is a weaker oxidizing agent than МАР“, so NAD* can oxidize enzyme-bound FADH, to 


enzyme-bound FAD. 
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38. | 
H3C м. ДК 20 
GT 
„> 2 NH 

H3C N 

Co 
FADH, 

R 

| 

М 


H3C Н 
- NH s 
H3C N^ Ww О О 


С 
/ 
+ бн бн “в 


-e,-H* 
(loss of an electron 
and a proton) 


*te,4H* 
(gain of an electron 
and a proton) 


1 

H4C м JN. 420 

Ieee: " 

. 7X NH 

H3C N : ЖА 
Н ur + RCHCH SR' 

FADH: tautomerization 

- e7, -H+ 
(loss of an electron | 
and a proton) 


. / 
RCHCH; sr’ 


T О 
Te, +H* 
H3C N N O С SE of an electron 
di b d Z АЦЕ апа а ргогоп) 
+ ЕСЊСН SR 
27 NH 
H3C N 
FAD O 
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10. 


п. 


Chapter 23 


Chapter 23 Practice Test 


What two coenzymes put carboxyl groups on their substrates? 
What are the three one-carbon groups that tetrahydrofolate coenzymes put on their substrates? 
Show the mechanism for NADPH reducing its substrate. 


Draw the structure of the compound obtained when the following amino acid undergoes transamination: 


|| 
CH; ER 
CH;CH,CHCH О" 


+МН; 


What is the first step in the reaction of the substrate with coenzyme В| іп an enzyme-catalyzed reaction 
that requires coenzyme В|? 


What coenzyme is required for each of the following enzyme-catalyzed reactions? 


О О 
|| || || 
С С С 


сн,сн/ “5сод уте сњен^ “сод Эте У “сод 


СОО 


СОО 


Show the enzyme-catalyzed reaction that requires vitamin KH» as a coenzyme. 

Draw the product of the enzyme-catalyzed reaction that requires biotin and whose substrate is acetyl-CoA. 

a. Other than the substrate, enzyme, and coenzyme, what three additional reagents are needed by a reac- 
tion that requires biotin as a coenzyme? 

b. What is the function of each of these reagents? 


What is the function of FAD in the pyruvate dehydrogenase system? 


Draw the structures of the two products obtained from the following transamination reaction: 


| | А 


С С 
/ = = | nad 
HO CHCH No + о“ “сн СН» С transamination 
| Зе | 


*NH3 | 
О 
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12. 


13. 


Why is NADPH needed in order to convert uridines to thymidines? 


Indicate whether each of the following statements is true or false: 


Vitamin B, is the only water-insoluble vitamin that has a coenzyme function. 


a 
b. FADH, is a reducing agent. 


Thiamine pyrophospate is vitamin Bg. 


a о 


Cofactors that are organic molecules are called coenzymes. 


e. Vitamin K is a water-soluble vitamin. 


го 


Lipoic acid is covalently bound to its enzyme by an amide linkage. 
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СНАРТЕК 24 


The Organic Chemistry of the Metabolic Pathways 


Important Terms 


acyl adenylate 


acyl phosphate 


acyl pyrophosphate 


[| 
С Р adenosine 


PP 
ZU NEU NEIN 
Ko O лова 


allosteric activator/inhibitor a compound that activates/inhibits an enzyme by binding to a site on the enzyme 


anabolism 
catabolism 
citric acid cycle 


fatty acid 
feedback inhibitor 
gluconeogenesis 
glycolysis 
high-energy bond 


metabolism 


B-oxidation 


other than the active site. 


the reactions living organisms carry out that result in the synthesis of complex 
biomolecules from simple precursor molecules. 


the reactions living organisms carry out to provide energy and simple precursor 
molecules for synthesis. 


a series of reactions that convert the acetyl group of acetyl-CoA into two molecules 
of CO, and a molecule of CoASH. 


a long, straight-chain carboxylic acid. 

a compound that inhibits a step at the beginning of the pathway for its biosynthesis. 
the synthesis of glucose from pyruvate. 

the series of reactions that converts glucose to two molecules of pyruvate. 

a bond that releases a great deal of energy when it is broken. 


reactions living organisms carry out to obtain the energy they need and to synthesize 
the compounds they require. 


a repeating series of four reactions that convert a fatty acyl-CoA molecule into 
molecules of acetyl-CoA. 


776 


Copyright © 2017 Pearson Education, Inc. 


oxidative phosphorylation 


phosphoanhydride bond 


phosphoryl transfer 
reaction 


regulatory enzyme 


Chapter 24 777 
the fourth stage of catabolism in which NADH and FADH, are oxidized back to 
МАР“ and FAD: for each NADH that is oxidized, 2.5 ATPs are formed; for each | 
FADH, that is oxidized, 1.5 ATPs are formed. 
the bond that holds two phosphoric acid molecules together. 
the transfer of a phosphate group from one compound to another. 


an enzyme that catalyzes an irreversible reaction near the beginning of a pathway, 
thereby allowing independent control over degradation and synthesis. 
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Solutions to Problems 


1. 


2. 


Solved in the text. 


a. The pK, values of the three OH groups of ADP are 0.9, 2.8, and 6.8. At pH 7.4, two of the groups will 
be in their basic forms, giving ADP two negative charges. 


We can determine the fraction of the group with a pK, of 6.8 that will be in its basic form at pH 7.4 
using the method shown in Problem 1. 


fraction of gro t in basic form Ka 1.6 x 107 
ractio up present i ааа ee 
dii K,+{H*] 16x 107" + 40 x 1078 

1.6 x 107? 


= = 08 
1.6 X 1077 + 0.4 x 1077 


total negative charge on ADP = 2.0 + 0.8 = 2.8 


b. The pK, values of the alkyl phosphate are 1.9 and 6.7. At pH 7.4, the OH group with a pK, of 1.9 will 
account for one negative charge. We need to calculate the fraction of the group with a pK, value of 6.7 
that will be negatively charged at pH 7.4. 

К à 2.0 x 1077 " 

K, + [Ht] 2.0 x 1077 + 0.4 x 1077 

total negative charge on the alkyl phosphate = 1.0 + 0.8 = 1.8 


fraction of group present in basic form = 0.8 


О О О О 

CH;OH | | | "m CHOH I 

снон / + У о о — снон + ol 
О O O 

CH,OH СЊОРОЈ 7 

glycerol glycerol-3-phosphate ADP 


1 OH CHOH 
p X" H or HO H 
HOCH; 2- " 
3 СН2ОРО» СН»ОРО» 
2 


(R)-glycerol-3-phosphate 


The resonance contributor on the right shows that the B-carbon of the a,8-unsaturated carbonyl compound 

has a partial positive charge. The nucleophilic OH group, therefore, is attracted to the B-carbon. 

05 | 
— C 

КУ Ва 


RCH == CH SCoA RCH — CH SCoA 
+ 


Because palmitic acid has 16 carbons and the acyl group of acetyl-CoA has 2 carbons, 8 molecules of 
acetyl-CoA are formed from 1 molecule of palmitic acid. 


Copyright © 2017 Pearson Education, Inc. 


wn 


8. 


10. 


11. 


12. 


13. 


14. 
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seven: one mole of NADH is obtained from each round of B-oxidation. 


Ist round 


16 of fl-oxidation 14 2nd round 12 3rd round 10 
— carbons — carbons — carbons 
carbons + 1 acetyl-CoA + 1 acetyl-CoA + 1 acetyl-CoA 
4th round 
7th round 4 6th round 6 Sth round 8 
2 acetyl-CoA ~———— carbons -—————— carbons ————— carbons 
+ 1 acetyl-CoA + 1 acetyl-CoA + 1 acetyl-CoA 
The OH group attacks the y-phosphorus of ATP. 
2-0;POCH; 2 CH о о о -ОзРОСН | СЊОРОГ о о 
I | | ү d 
НО Р Р Р Ад НО Р Р Ad 
MC С ING ЫА ЗАЗА 
ОН 00-0 о-Х о- 0 ОН Оо- O о- 9 
+ Н? 
НО НО 
fructose-6-phosphate ATP fructose-1,6-bisphosphate ADP 


The reaction that follows the oxidation of glyceraldehyde-3-phosphate to 1,3-bisphosphoglycerate (the 
conversion of 1,3-bisphosphoglycerate to 3-phosphoglycerate) is highly exergonic. Therefore, as 
1,3-bisphosphoglycerate is converted to 3- SPRIGspiogiycerdie, glyceraldehyde-3-phosphate will be converted 
to 1,3-bisphosphoglycerate to replenish it. 


glyceraldehyde-3-phosphate -=== 1,3-bisphosphoglycerate ———- 3-phosphoglycerate 


two; each molecule of D-glucose is converted to two molecules of glyceraldehyde-3-phosphate, and each 
molecule of glyceraldehyde-3-phosphate requires one molecule of МАР“ for it to be converted to one 
molecule of pyruvate. 

acetaldehyde reductase 


a ketone 


thiamine pyrophosphate 


| С NH; | US МН, 
CN tz 
N N 
R R 
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[| | 
15. CH; С transamination CH; С 
Мен” No Е — Net 507 
3l || 
NH; Ó 
alanine pyruvate 
16. Protonated histidine (pK, = 6.0) is not strong enough an acid to fully protonate the OH group to make it 
а good leaving group (H,O) that would be able to leave in the first step of the elimination reaction, which 
is required for an E1 reaction. Therefore, it is an E2 reaction with protonated histidine acting as a general- 
acid catalyst to protonate the OH group as it departs. 
17. a secondary alcohol 
18. citrate and isocitrate (and the alkene intermediate generated during the conversion of citrate to isocitrate) 
О 
"E ОШ © 
|». 707 “Ncu cH; ~ 
2 • 
н 
о) f 
i d | 2 / | @ 


| R- CJ. C43 С sls 
X C А — Ae | == ne VAL PERO. 
RNI | КМ2 ^s RNS 1 


К = OOCCH,CH; 


О 
| 


С 
R^ ^S SH 


NH(CH,),E {> NH(CH,), 
, + 2 Ng 
О RN О 
| CoASH = 4 


p” 
|| 
HS SH 


С 
ZO 
SCoA + 
| \ ЗА Or 
succinyl-CoA | 


O 
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21. a. Succinyl-CoA synthetase: this enzyme catalyzes a reaction of succinyl-CoA, but it is named for the 
reverse reaction, which is the synthesis of succinyl-CoA. 


b. aldolase: it is a retroaldol reaction, but it is named for an aldol addition; phosphoglycerate kinase 
(a kinase puts a phosphoryl group on the substrate); pyruvate kinase 


22. a. The conversion of one molecule of glycerol to dihydroxyacetone phosphate consumes one mole- 
cule of ATP. The conversion of dihydroxyacetone phosphate to pyruvate produces two molecules of 
ATP. Therefore, one molecule of ATP is obtained from the conversion of one molecule of glycerol to 
pyruvate. 


b. One NADH is formed from the conversion of one molecule of glycerol to dihydroxyacetone phos- 
phate, and one NADH is formed from the conversion of dihydroxyacetone phosphate to pyruvate. Each 
NADH forms 2.5 ATP in the fourth stage of catabolism. So when the fourth stage of catabolism is 
included, six molecules (2.5 + 2.5 + 1 = 6) of ATP are obtained from the conversion of one molecule of 
glycerol to pyruvate. 


23. a. glycerol kinase b. phosphatidic acid phosphatase 


24. The first step is ап S,2 reaction; the second step is a nucleophilic acyl substitution reaction. 


оо о б o 
|| || || Ad 
Or “PN 7 + 


TO О О O 30 o- 


+NH3 
glutamate 
O O 
| tI D 
Ad + || 
PoP Р 
ооо -07 170 од 
m M “о *NH3 
ADP :NH4 
О С О О = О 
> S, 
о” | b o- -07 | Са o- 
= + 70 + 
O мн NE ¿NH Мн; 
И 
Ра и Бо. 
0 || | 
P 
В + HO |'O * HN gs 
“о *NH3 
glutamine 


25. a. catabolic Б, catabolic 
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26. The OH group attacks the g-phosphorus of ATP. 


| cmon ооо 
2 
О д NP дв P „АЧ 
HO OH + АМА МАН 
| о 0-9 0-9 о-9 
ОН 
D-galactose ATP Se 
HO О О 
CHOH о | | 
2- Р Р Аа 
НО ОРО; + _ / No 4 
OH O о“ 
D-galactose-1-phosphate ADP 
27. The hydrogen on the @-carbon. 
О 
CH С | 
3 
N - И 
с^ No чын О 
О ОН 
pyruvate lactate 
28. 
29. a. reactions 1 and 3 b. reactions 2, 5, and 8 c. reaction 6 d. reaction 9 
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30. 


31. 


32. 


33. 


34. 


35. 
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the conversion of citrate to isocitrate 
the conversion of fumarate to (S)-malate 


a. the conversion of pyruvate to acetyl-CoA 
b. It is catalyzed by the pyruvate dehydrogenase complex, a group of 3 enzymes and 5 coenzymes 
(pages 1076-1077 in the text). 


\ РА „р Ad 
R + р -0 ^o^ o 
a fatty acid ATP ADP 
CoASH 
бе О - О 
MEN, EV. EM 
+ € -—— gp—Cccó^|^o -— n-c—-o^ |`07 
HO | O K N o- А - 
од 5СоА СоА$ CoAS--H 
:В *BH :B 
О О О О 
_ reduction _ 
О О “О О 
О OH 
a-ketoglutarate 


The label will be on the phosphate group that is attached to the enzyme (phosphoglycerate mutase) that 
catalyzes the isomerization of 3-phosphoglycerate to 2-phosphoglycerate. 


If you examine the mechanism for the isomerism of glucose-6-phosphate to fructose-6-phosphate on page 
1056 of the text, you can see that C-1 in D-glucose is also C-1 in D-fructose. 


Now if you examine the mechanism for the aldolase-catalyzed cleavage of fructose-1,6-bisphos- 
phate to form dihydroxyacetone phosphate glyceraldehyde-3-phosphate on page 1058 of the text, 
you can see which carbons in D-glucose correspond to the carbons in dihydroxyacetone phosphate and 
D-glyceraldehyde-3-phosphate. 
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Then if you look at the bottom of page 1109, you will see how the carbons in dihydroxyacetone phosphate 
correspond to the carbons in D-glyceraldehyde-3-phosphate. 


А СНОРО;2- CH,OPO;2- A 
H——0H 2C—0 ix — н-4—он 
нон + но—н — 3CH,OH 1 CH,OPO;2- 
нА ОН н— OH dihydroxyacetone D-glyceraldehyde- 

| 3-phosphate 
н— он н— он phosphate phospha 
H O 
6 CH20PO47- 6 СН2ОРОз?- №44 _ 
ж, ne с^ 3and4 COO 
D-glucose- D-fructose- 
6-phosphate 1,6-bisphosphate H 3 OH ——- 2and5 C=O 
6 СНОРО 7 land6 CH; 
D-glyceraldehyde- 
3-phosphate pyruvate 


Finally, we see how the carbons in p-glyceraldehyde-3-phosphate correspond to the carbons in pyruvate. 
Therefore, both C-3 and C-4 of glucose become a carboxy] group in pyruvate. 


36. Pyruvate loses its carboxyl group when it is converted to ethanol. Because the carboxyl group is C-3 or C-4 
of glucose, half of the ethanol molecules contain C-1 and C-2 of glucose and the other half contain C-5 and 
C-6 of glucose. 


37. At the beginning of a fast, blood glucose levels would be normal. 
After a 24-hour fast, blood glucose levels would be very low because both dietary glucose and stored 
glucose (glycogen) have been depleted and glucose cannot be synthesized because of the deficiency of 
fructose- 1,6-bisphosphatase. 


38. The conversion of pyruvate to lactate is a reversible reaction. Lactate can be converted back to pyruvate by 


oxidation. 
O О 
reduction 
О" oxidation О" 
О ОН 
pyruvate lactate 


The conversion of pyruvate to acetaldehyde is not a reversible reaction because it is a decarboxylation. The 
CO, cannot be put back onto acetaldehyde. 


O О 
y A + CO, 
O 
pyruvate acetaldehyde 


39. The -oxidation of a molecule of a 16-carbon fatty acyl-CoA forms 8 molecules of acetyl-CoA. 
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40. 


41. 


42. 


43. 


45. 


46. 
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Each molecule of acetyl-CoA forms 2 molecules of CO,. Therefore, the 8 molecules of acetyl-CoA 
obtained from a molecule of a 16-carbon fatty acyl-CoA will form 16 molecules of СО,. 


No ATP is formed from В-ох1даНоп. 


Each molecule of acetyl-CoA that is cleaved from the 16-carbon fatty acyl-CoA forms 1 molecule of 
FADH, and 1 molecule of NADH. Because a 16-carbon fatty acyl-CoA undergoes 7 cleavages, 7 molecules 
of FADH, and 7 molecules of NADH are formed from the 16-carbon fatty acyl-CoA. 


Because each NADH forms 2.5 molecules of ATP and each FADH, forms 1.5 molecules of ATP in 
oxidative phosphorylation, the 7 molecules of NADH form 17.5 molecules of ATP and the 7 molecules of 
FADH, form 10.5 molecules of ATP. Therefore, 28 molecules of ATP are formed. 


We have seen that each molecule of acetyl-CoA that enters the citric acid cycle forms 10 molecules of ATP 
(Section 24.10). A molecule of a 16-carbon fatty acid will form 8 molecules of acetyl-CoA. These will 
form 80 molecules of ATP. When these are added to the number of ATP molecules formed from the NADH 
and FADH, generated in B-oxidation (80 + 28), we see that 108 molecules of ATP are formed from com- 
plete metabolism of a 16-carbon saturated fatty acyl-CoA. 


Each molecule of glucose, while being converted to 2 molecules of pyruvate, forms 2 molecules of ATP 
and 2 molecules of NADH. 


The 2 molecules of pyruvate form 2 molecules of NADH while being converted to 2 molecules of 
acetyl-CoA. 


Each molecule of acetyl-CoA that enters the citric acid cycle forms 3 molecules of NADH, | molecule 
of FADH, and 1 molecule of ATP. Therefore, the 2 molecules of acetyl-CoA obtained from glucose form 
6 molecules of NADH, 2 molecules of FADH., and 2 molecules of ATP. 


Therefore, each molecule of glucose forms 4 molecules of ATP, 10 molecules of NADH (2 + 2 + 6), and 
2 molecules of FADH,. 


Because each NADH forms 2.5 molecules of ATP and each FADH, forms 1.5 molecules of ATP, 1 molecule 
of glucose forms 4 + (10 x 2.5) + (2 x 1.5) molecules of ATP. That is, each molecule of glucose forms 
32 molecules of ATP. 


Pyruvate can be converted to alanine (transamination), oxaloacetate (carboxylation), lactate (reduction), 
and acetyl-CoA (by the pyruvate dehydrogenase complex). 


xo ууз 


*NH4 N. p OH 


O lactate 


б и pyruvate Ne 5 
оро p NN 


О О 
oxaloacetate acetyl-CoA 
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50. А Claisen condensation between two molecules of acetyl-CoA forms acetoacetyl-CoA that, when ћудго- 
lyzed, forms acetoacetate. 


O O 
E Claisen condensation i EN 
CH; SCoA CH;—C-— CH) SCoA 
acetyl-CoA C а oA 
1 ] || 
hydrolysis 
CoASH „= EE С С CoASH 
оик л fof N : 
СН» CH; О" СН» СН» SCoA 
acetoacetate acetoacetyl-CoA . 


Acetoacetate can undergo decarboxylation to form acetone, or it can be reduced to 3-hydroxybutyrate. 


O O OH 
Ц Ц decarboxylation | enolization | 
М “Хх + YN SN 
сн; CH, о H co, + сн; “н, CH; CH, 
acetoacetate acetone 
чү | | ° 
Po pos reduction ra Ie Ht a Ра 
CH3/ CH О CH;C—CH, © CH;CHCH, O7 
acetoacetate | 3-hydroxybutyrate 
NAD—H NAD* 


51. The mechanism for the conversion of fructose-1,6-bisphosphate to glyceraldehyde-3-phosphate and 
dihydroxyacetone phosphate is shown on page 1058 of the text. 


The mechanism for the conversion of dihydroxyacetone phosphate to glyceraldehyde-3-phosphate is 
shown on page 1109 of the text. 


From these mechanisms, you can see that the label (*) was at C-1 in glyceraldehyde-3-phosphate. 


CH,OPO,7 triosephosphate CH,OPO,7 
2" tsomerase 
oo im О see page 1109 HO + H 
of the text 
С=0 +*CH,OH ps 
aldolase О Н 


зее раре 1058 Н» pp 
of the text С 


нон 
CH,OPO,” 
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52. а. UDP-galactose and UDP-glucose аге C-4 epimers. МАР“ oxidizes the C-4 OH group of UDP-galactose 
to a ketone. When NADH reduces the ketone back to an OH, it attacks the sp? carbon from above the 
plane, forming the C-4 epimer of the starting material. 


NAD-H* 


OH 55) 
CHOH CHOH 
О 
Н С н— 
НО O— UDP ea HO O — UDP 
OH * NAD' B* OH 
UDP-galactose 
МАР“ 
В 
CH,OH О 
НО 
НО O — UDP 
OH 
UDP-glucose 


b. The enzyme is called an epimerase because it converts a compound into an epimer (in this case, a C-4 
epimer). 


53. Because the compound that would react in the second step with the activated carboxylic acid group is 
excluded from the incubation mixture, the reaction between the carboxylate ion and ATP will come to 
equilibrium. 


If radioactively labeled pyrophosphate is put into the incubation mixture, ATP will become radioactive 
if the mechanism involves attack on the a-phosphorus because pyrophosphate is a reactant in the reverse 
reaction that forms ATP. 


ATP will not become radioactive if the mechanism involves attack on the B-phosphorus because pyrophos- 
phate is not a reactant in the reverse reaction that forms ATP. (In other words, because pyrophosphate is not 
a product of the reaction, it cannot become incorporated into ATP in the reverse reaction.) 


attack on the a-phosphorus 


оо о О О 
ль PEL 11 
aa а" УМУ y Мар с RR ЛЕЕ 
в 6: Ө О В | оет 

pyrophosphate 
attack on the -phosphorus 
О оо о о о о О 
PL RTE. 111,1, 
a $ МАЧИ ЕАК А 
К Фоо од o9 o од 
АМР 


54. И radioactive AMP is added to the reaction mixture, the results will ђе the opposite. If the mechanism 
involves attack on the a-phosphorus, ATP will not become radioactive because AMP is not a reactant in the 
reverse reaction that forms ATP. If the mechanism involves attack on the B-phosphorus, ATP will become 
radioactive because AMP is a reactant in the reverse reaction that forms ATP. 
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Chapter 24 Practice Test 


Draw a structure for the following: 

a. the intermediate formed when a nucleophile (RO ) attacks the y-phosphorus of ATP 
b. an acyl pyrophosphate 

с. pyrophosphate 


Fill in the six blanks in the following scheme: 


aes 


Z/N = 
RCH;,CH;CH,CH; `$СоА RCH,CH;CH-—CH/ `$СоА 


о 


(ј== 


(но 


ГЕИ 


О 
О 


О 
| CoASH | | 


НИ К 2 А А 


СН `$СоА RCH,CH; "CH; “СоА 


Which of the following аге not citric acid cycle intermediates: fumarate, acetate, citrate? 
Which provide energy to the cell: anabolic reactions or catabolic reactions? 

What compounds are formed when proteins undergo the first stage of catabolism? 

What compound is formed when fatty acids undergo the second stage of catabolism? 


Indicate whether each of the following statements is true or false. 


a. Each molecule of FADH, forms 2.5 molecules of ATP in the fourth stage of 
catabolism. 


b. FADH, is oxidized to FAD. 
МАР“ is oxidized to NADH. 


= d = d 


d. Acetyl-CoA is a citric acid cycle intermediate. 
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Chapter 25 


The Organic Chemistry of Lipids 


Important Terms 
angular methyl group 


carotenoid 


cholesterol 
detergent 


dimethylallyl 
pyrophosphate 


diterpene 

fat 

fatty acid 

hormone 

isopentenyl pyrophosphate 
lipid 


lipid bilayer 


membrane 


micelle 


mixed triacylglycerol 
monoterpene 

oil 

phosphatidic acid 


phosphoglyceride 
(phosphoacylglycerol) 


phospholipid 


polyunsaturated fatty acid 


a methyl substituent at the 10- or 13-position of a steroid ring system. 


compounds responsible for the red and orange colors of fruits, vegetables, and fall 
leaves. 


a steroid that is the precursor of all other steroids. 
a sodium or potassium salt of a benzenesulfonic acid. 


a precursor needed for the biosynthesis of terpenes, which is biosynthesized 
from isopentenyl pyrophosphate. 


a terpene that contains 20 carbons. 

a triester of glycerol that exists as a solid at room temperature. 

a long straight-chain carboxylic acid. 

a chemical messenger that stimulates or inhibits some process in target tissues. 
the starting material for the biosynthesis of terpenes. 

a water-insoluble compound found in a living system. 


two layers of phosphoacylglycerols arranged so that their polar heads are on the 
outside and their nonpolar fatty acid chains are on the inside. 


the material that surrounds the cell to isolate its contents. 


a spherical aggregation of molecules, each with a long hydrophobic tail and a 
polar head, arranged so that the polar head points to the outside of the sphere. 


a triacylglycerol in which the fatty acid components are different. 

a terpene that contains 10 carbons. 

a triester of glycerol that exists as a liquid at room temperature. 

a phosphoglyceride with one OH group of glycerol esterified with phosphoric acid. 


formed when two OH groups of glycerol form esters with fatty acids and the 
terminal OH group is part of a phosphodiester. 


a lipid that contains a phosphate group. 
a fatty acid with more than one double bond. 


790 
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prostaglandin 


protein prenylation 


saponification 
sesquiterpene 

simple triacylglycerol 
soap 

sphingolipid 
squalene 


steroid 


a-substituent 


p-substituent 


terpene 
terpenoid 
tetraterpene 


trans fused 


triacylglycerol 


triterpene 


Wax 
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a carboxylic acid, derived from arachidonic acid, that is responsible for a variety 
of physiological functions. 


the process of attaching farnesyl and geranylgeranyl groups to proteins to allow 
them to become anchored to membranes. 


hydrolysis of a fat under basic conditions. 

a terpene that contains 15 carbons. 

a triacylglycerol in which the three fatty acid components are the same. 
a sodium or potassium salt of a fatty acid. 

a lipid that contains sphingosine. 

a triterpene that is a precursor of steroid molecules. 


a class of compounds that contains a steroid ring system. 


steroid ring system 


a substituent on the opposite side of a steroid ring system from the angular methyl 
groups (the bottom face as typically drawn). 


a substituent on the same side of a steroid ring system as the angular methyl groups 
(the top face as typically drawn). 


a lipid isolated from a plant that contains carbon atoms in multiples of five. 
a terpene that contains oxygen. 
a terpene that contains 40 carbons. 


two rings fused together such that if one ring is considered to be two substituents 
of the other ring, the substituents would be opposite sides of the first ring. 


the compound formed when the three OH groups of glycerol are esterified with 
fatty acids. 


a terpene that contains 30 carbons. 


an ester formed from a long straight-chain carboxylic acid and a long straight- 
chain alcohol. 
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Solutions to Problems 


1. a. Stearic acid has the higher melting point, because it has two more methylene groups (giving it a greater 
surface area and, therefore, stronger London dispersion forces) than palmitic acid. 


b. Stearic acid has the higher melting point because stearic acid is saturated, so its molecules can pack 
closer together than can the molecules of oleic acid that has a double bond. 


c. Oleic acid has the higher melting point because it has two more methylene groups than palmitoleic 
acid (see part a). 


d. Oleic acid has the higher melting point, because it has one cis double bond, whereas linoleic acid has 
two cis double bonds. The greater the number of double bonds, the harder for the molecules to pack 
closely together. 


2. Glyceryl tripalmitate has a higher melting point, because the carboxylic acid components are saturated and 
can, therefore, pack more closely together than the cis-unsaturated carboxylic acid components of glyceryl 
tripalmitoleate. 

3. To be optically inactive, the fat must have a plane of symmetry. In other words, the fatty acid residues at 


C-1 and C-3 must be identical. Therefore, stearic acid must form the esters at C-1 and C-3. 


О 
сн, 0—6 — (СН) СНз 
CH—0— с — (CH5)jgCHs 
| 
CH; —0—C— (CH) «CH 
4. То be optically active, the fat must not have а plane of symmetry. Therefore, the two stearic acid residues 


must be attached to adjacent alcohol groups (either C-1 and C-2 or C-2 and C-3). 


| 
CH: OE (СНошсн 


[| 
Сн—О—С—(СНу СН» 


|| 
CH; —O0—C— (CH5),9CH5 
5. Solved in the text. 
6. The identities of Е! and R? have no effect on the configuration of the asymmetric center at C-2 because: 
the group with priority #1 is always the carboxyl group on C-2; 
the group with priority #2 is always the group that contains the phosphorus; 


the group with priority #3 is always the group that contains the other carboxyl group; 
the group with priority #4 is always the H on C-2. 
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7. Because the interior of a membrane is nonpolar and the surface of a membrane is polar, integral proteins 
have a higher percentage of nonpolar amino acids. 


8. The bacteria could synthesize phosphoacylglycerols with more saturated fatty acids. These triacylglycerols 
would pack more tightly in the lipid bilayer and, therefore, would have higher melting points and be less fluid. 


9. Membranes must be kept in a semifluid state to allow transport across them. Cells closer to the hoof of 
an animal are going to be in a colder average environment than cells closer to the body. Therefore, the 
cells closer to the hoof have a higher degree of unsaturation to give them a lower melting point so that the 
membranes will not solidify at the colder temperature. 


10. 


| ОН РСА) 
ЗОС(СНз)з 


= COOH 


11. Solved in the text. 


12. 


menthol 


squalene 


13. The fact that the tail-to-tail linkage occurs in the exact center of the molecule suggests that the two halves 
are synthesized (in a head-to-tail fashion) and then joined in a tail-to-tail linkage. 
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14. Squalene, lycopene, and 8-сагогепе are all synthesized in the same way. In each case, two halves аге 
synthesized (in a head-to-tail fashion) and then joined in a tail-to-tail linkage. 


B -carotene 
15. 
О О Claisen o О О О 
p" t d condensation | | МА + CoASH 
SCoA = 5СОА = | SCoA SCoA 
SCoA 
О 


ДА aldol 
- SCoA addition 


А, ХА, 


hydroxymethylglutaryl-CoA 


16. One equivalent of NADPH is required to reduce the thioester to an aldehyde. The second equivalent of 
NADPH is needed to reduce the aldehyde to an alcohol. 


| D) OH 07 oF? 
оос. X === voc, M, K —— oc 
SCoA SCoA H 


NADP* NADPH 
on SB ОН:0: 
[2p в TEM voc, N AÅ + NADP* 
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17. 
O O O 
ОН п A ad 
оо ОР Поа Уа УК 
Он + 9 | LO | O | 0 
I? о “о од 
mevalonic acid ATP i1 
OH || i | 
оос NUA | „Р. E „АЧ 
07176: + оро | O + H* 
Q^ O7 О 
ADP 
O 
oe ee 
оо |o 1707 
од oT о" 
ОН О || | 
~ Ad 
E К T T P P 
оос. МО УМУ __ -01 Ор | 07 
ороо о o 
од од 
mevalonyl pyrophosphate ADP 
18. Solved in the text. 
19. 
нб: 
+ 
geranyl +ОН ОН 
pyrophosphate ex c | a-terpineol 
| | | | | 
20. 
Р Р 1167 Р Р 
Su. EN Al No | Мы EN f Аи t 
о0о 0 o о Ооо ог 
E isomer 
rotate about 
| bond 
ос Го % 
„(ДА —CLAÀJ 
ZI NN. ДАВАЊУ 
| 055-0950 | Og 990 0 
Z isomer 
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21. 


22. 


23. 


Chapter 25 


It tells you that the reaction is an 5,1 reaction because the fluoro-substituted carbocation is less stable than 
the non-fluoro-substituted carbocation (due to the strongly electron-withdrawing fluoro substituent), so it 
would form more slowly. 


Ss a к Р. 


less stable F more stable 


If the reaction had been an 5,2 reaction, the fluoro-substituted compound would have reacted more rapidly 
than the non-fluoro-substituted carbocation because the electron-withdrawing fluoro substituent would 
make the compound more susceptible to nucleophilic attack. 


22 22 


x~ TOPPI 


farnesyl Не d 


2" 
+ H;0t 


m 


Solved in the text. 


Because acetyl-CoA is converted into malonyl-CoA (see Section 25.8), mevalonyl pyrophosphate will contain 
three labeled carbons, which means that the a-terpineol (juniper oil) will contain six labeled carbons. 


OH 
14 || | | 14 |14 
CH3CSCoA ОР CH3CCH;CH3OPP, 
1 
14 CH;CO- 
|| 
mevalonyl pyrophosphate 
14 14 14 14 
CH3C = CHCH;OPP; Маса 
14 СНз 14 CH; 
dimethylallyl pyrophosphate isopentenyl pyrophosphate 
Р | 14 14 
14 
СН» ma 
4 | 14 14 | 14 7 м 14 14 
CHC =CHCH,CH,C= CHCH,OPP, = —— — 
geranyl pyrophosphate Y OPP; Й 
14 14 14 он!“ 


geranyl pyrophosphate «-terpineol 
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25. There are two 1,2-hydride shifts and two 1,2-methyl shifts. The last step is elimination of a proton. 
H3C CH; 


СН» 


СН» 
1,2-ћудпде 
shift 
H3C СН» CH; 
CH; СНз 
1,2-methyl 
shift 


| —ÓM— 


1,2-methyl 
shift 


СН» CH; 


СН» СНз 


26. A B-hydrogen at C-5 means that the A and В rings are cis fused; ап a-hydrogen at C-5 means that they 
are trans fused. 


27. Because the OH substituent is on the same side of the steroid ring system as the angular methyl groups, it 
is а B-substituent. 


28. 
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29. Тһе hemiacetal is formed by reaction of the primary alcohol with the aldehyde. 


30. a. Chenodeoxycholic acid is missing the OH group on the C ring (at the top of the molecule) that cholic 
acid has. 


b. Notice that because the methyl and hydrogen at the juncture of the A and B rings are on the same side, 
we know that the A and B rings are cis fused. The three OH groups are all in axial positions. 


31. 


32. If stearic acid were at C-1 and C-3, the fat would not be optically active. 
Therefore, stearic acid must be attached to adjacent OH groups (C-1 and C-2 or C-2 and C-3). 
О 


ко у ч ч 
ава 
дата ie es ss 


O 
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All triacylglycerols do not have the same number of asymmetric centers. If the carboxylic acid components 
at C-1 and C-3 of glycerol are not identical, the triacylglycerol has one asymmetric center (C-2). If the 
carboxylic acid components at C-1 and C-3 of glycerol are identical, the triacylglycerol has no asymmetric 


centers. 


a. There are three triacylglycerols in which one of the fatty acid components is lauric acid and two are 
myristic acid. Myristic acid can be at C-1 and C-3 of glycerol, in which case the triacylglycerol does 
not have any asymmetric centers. If myristic acid is at C-1 and C-2 of glycerol, C-2 is an asymmetric 
center, and consequently, the compound can have a pair of enantiomers. 


b. There are six triacylglycerols in which one of the fatty acid components is lauric acid, one is myristic 
acid, and one is palmitic acid. The three possible arrangements are shown below (with the fatty acid 
components abbreviated as L, M, and P). Because each has an asymmetric center, each can exist as a 
pair of enantiomers for a total of six triacylglycerols. 


| О 
С С 
ОМА 
К О К 
О О 
|] 
“oN 4 


CH—O—L CH,—O—L CH,—O—M 


*CH—-O—M *CH——O—P *CH — О — 1, 


CH,—O—P CH;—0—M  CH,—O—P 


о  CH,—OH о 
3 CH—OH 2 P 

| но“ |^o- 
CH; ОН од 


The structure to the left has a molecular formula = C,H, 40; and a molecular 
weight = 218. 


Subtracting 218 from the total molecular weight gives the molecular weight con- 
tribution from the methylene (СН,) groups in the triacylglycerol. 


722 – 218 = 504 
Dividing 504 by the molecular weight contribution from a methylene group (14) 
gives the number of methylene groups. 


504 
— = 36 
14 
Because there are 36 methylene groups, each fatty acid in the triacylglycerol 
has 12 methylene groups. 


O 


| 
C — CH/CH;CH;CH;CH;CH;CH;CH;CH;CH;CH;CH;CH; 


|| 
СН» —о—с— СН»СН»СН»СН»СН»СН»СН»СН»СН»СН»СН»СН»СН» 
| 


CH—O 
| || 
CH; —О— С— СН»СН»СН»СН»СН»СН»СН»СН›»СН»СН»СН›»СН»СН» 
nutmeg 
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37. CH; 


CH; 


Н.С CH; 
СН» 
CH; 

CH 

b. L 
О 
СН» 
HC CH; 
CH3 CH3 
CH3 

с. СН» е. 


HO e 
О 


38. а. Starting with mevalonyl pyrophosphate, you can trace the location of the label in the compounds that 
lead to the formation of geranyl pyrophosphate. Geranyl pyrophosphate is converted to citronellal. 


OH 
| 14 14 
CH3CCH;CH;OPP, A CH3CCH;CH;OPP i 14 | || 
CH;CO- CH, CH3C = СНзСН›ОРР, OPP; = обо | о" 
О isopentenyl pyrophosphate СН» Q7 ò- 


mevalonyl pyrophosphate dimethylallyl pyrophosphate 


“ | 14 | 14 
14 14. __ ч = d = CH3C-—CHCH;CH;C-—CHCH320PP, 
uv ч ОРР; geranyl pyrophosphate 


citronellal 
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b. The label is lost from sample B when mevalonic pyrophosphate loses CO, to form isopentenyl руго- 
phosphate, so none of the carbons will be labeled in citronellal. 


e 
СНзССН,СН,ОРР; EET ato CHa3CCH;CH3OPP, = C—O 
14 2 
CCO- Ch, ч 
| + CO 


с. Because the methyl groups are equivalent in the carbocation that is formed as an intermediate when 
isopentenyl pyrophosphate is converted to dimethylallyl pyrophosphate, either of the methyl groups 
can be labeled in dimethylallyl pyrophosphate. This means that either of the two methyl groups can be 
labeled in geranyl pyrophosphate and in citronellal. 


ЈЕ Es 
+ 
CH3CCH;CH;OPP; ———- CH3CCH,CH.OPP; WE LN y? EO 


I4CH;CO- I4 CH СНз н 
Ц isopentenyl pyrophosphate 
mevalonyl pyrophosphate 
14 
vedo —CHCH5;OPP, + TS = СНСН2ОРР; 


CH; 14 CH3 


+ Ht 
dimethylallyl pyrophosphate 
CH4CCH;CH;OPP; 
14CH5 
14 
СН» СН» СНз СНз 
14 | 14 | 14 | 
CH3C = СНСН:СН:С== СНСЊОРР, + CHC = СНСН,СН,С = CHCH;OPP, 
geranyl pyrophosphate 
14 14 
+ 
C=O C—O 
B B 
14 ™ 14 
citronellal 


39. 
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40. Br 


This compound is achiral. 
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b. It has 30 carbons, so it is a triterpene. 


CH; “СН; 


42. First, draw the starting material (geranyl pyrophosphate) so that its structure is as similar as possible to that 
of the target molecule. 


O O 

I } 
и NS M NC 
So Ото о О 


geranyl pyrophosphate 
+ 
Н + 
a.-pinene 
р же 
о-ртепе 
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43. О 


YQ 


CH; 


+ HO^ 
О 


44. The OH groups will react only if they are in equatorial positions, because introduction of bulky axial 
substituents would decrease the stability of the molecule. 


In the case of 5a-cholestane-35,7-diol, the two OH groups are on the same side of the ring system as the 
angular methyl group, which means that they are in equatorial positions. Both OH groups react with ethyl 
chloroformate. 


In the case of Sa-cholestane-38,7a-diol, only one of the OH groups is on the same side of the ring system 
as the angular methyl group. The other is on the opposite side of the ring, which means that it is in an axial 
position. Only the OH group that is in the equatorial position reacts with ethyl chloroformate. 


equatorial . equatorial 
( СН» equatorial ( CH; 
HO OH У ус фи | 
axial 
H H H OH ae, 
5a-cholestane-3 8,7 B-diol 5a-cholestane-3f),7 o-diol 


45. The mechanism for the conversion of isopentenyl pyrophosphate to geranyl pyrophospate to farnesyl 
pyrophosphate is shown in the text on pages 1143 and 1145. Now we need to show how farnesyl pyrophos- 
phate is converted to eudesmol. 
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SS SS 
5, 
2 SS ===; 2 5 + 
Co у 


О—=Р— 0" a 
|“ | 9 H,0: 
dro P, P 
X zo NAN 
o- Осо о О 
farnesyl pyrophosphate 
OH 
< 
H «в 
/\ 
H—B 
| OH 
:В 
ОН 5 OH | ОН 
eudesmol jp. H 
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47. There are 14 possible structures for compound А and 4 possible structures for compound В. 


CH; 
A 


one asymmetric 
center, therefore 
2 stereosiomers 


CH, 


Cis and trans isomers 


are possible. 


CH; 
A 


two asymmetric 
centers, therefore 
4 stereosiomers 


3C, „СН 
С O 
1. Оз 
2. Zn, H20 
Ht 
CH, ^ CH; 
T H20 OH 
НзС. | „СН: 
С 
В 
СН» 


Cis and trans isomers 


Hp, p d 


OH 


Hc. | | CH; 


CH; 
A 


one asymmetric 
center, therefore 
2 stereosiomers 


are possible. 


Нә, Pd/C 


OH 


ње | „СНз 
“с 


ж 


СН» 
А 


two asymmetric 
centers, therefore 
4 stereosiomers 
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OH 


H3C Si ^ CH; 


* 


CH; 
A 


one asymmetric 
center, therefore 
2 stereosiomers 
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48. 


estradiol DES 


49. A sesquiterpene is synthesized from farnesyl pyrophosphate. The carbons that would be labeled in farnesyl 
pyrophosphate, if it is synthesized from acetate with a '4C-labeled carbonyl carbon, are indicated by an 
asterisk. (See Problem 23.) 


farnesyl pyrophosphate 
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Chapter 25 Practice Test 


1. Mark off the isoprene units in squalene. 


squalene 


2. Draw the mechanism for the following reaction: 


(PP; = pyrophosphate) 


3, Draw structures of the following: 


а. а phospholipid that contains ethanolamine 


b. awax 

4. Indicate whether each of the following statements is true or false: 
a. Cholesterol is the precursor of all other steroids. T 
b. The double bonds in unsaturated fats are conjugated. T 
c. Fats have a higher percentage of saturated fatty acids than do oils. T 


d. A saturated fatty acid has a lower melting point than an unsaturated fatty acid 


with the same number of carbons. T 
e. Lipids are insoluble in water. T 
f. A diterpene contains 20 carbons. T 
g. Vitamin A is not a coenzyme. T 
5. How many carbon atoms are in a triterpene? 
6. What size is the ring in a prostaglandin? 
7. What is the starting material for the synthesis of prostaglandins? 
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The Chemistry of the Nucleic Acids 


Important Terms 


anticodon 


base 


codon 


deamination 


deoxyribonucleic acid (DNA) 


deoxyribonucleotide 
dinucleotide 

double helix 

exon 

gene 


gene therapy 


genetic code 


genetic engineering 


human genome 
major groove 
minor groove 


nucleic acid 


nucleoside 


nucleotide 


the three bases at the bottom of the middle loop in tRNA. 


a nitrogen-containing heterocyclic compound (a purine or a pyrimidine) found in 
DNA and RNA. | 


a sequence of three bases in mRNA that specifies the amino acid to be 
incorporated into a protein. 


a hydrolysis reaction that results in the removal of ammonia. 


a polymer of deoxyribonucleotides containing all the genetic information of an 
organism. 


a nucleotide where the sugar component is D-2-deoxyribose. 
two nucleotides linked by a phosphodiester bond. 

the term used to describe the secondary structure of DNA. 

a stretch of bases in DNA that are a portion of a gene. 

a segment of DNA that encodes a protein. 


a technique that inserts a synthetic gene into the DNA of an organism that is 
defective in that gene. 


the amino acid specified by each three-base sequence of mRNA. 


recombinant DNA technology where DNA segments are inserted into DNA in a 
host cell and allowed to replicate. 


the total DNA of a human cell. 

the wider and deeper of the two alternating grooves in DNA. 

the narrower and more shallow of the two alternating grooves in DNA. 

a chain of five-membered ring sugars linked by phosphodiester groups with each 
sugar bearing a heterocyclic amine at the anomeric carbon in the 8-роѕійоп. 


The two kinds of nucleic acids are DNA and RNA. 


a heterocyclic base (purine or pyrimidine) bonded to the anomeric carbon of a 
sugar (D-ribose or D-2-deoxyribose) in the B-position. 


a nucleoside with one of its OH groups bonded to a phosphate group via a 
phosphoester linkage. 


809 
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oligonucleotide 


phosphodiester 


polynucleotide 
primary structure 


pyrosequencing 


recombinant DNA 
replication 

replication fork 
restriction endonuclease 
restriction fragment 
ribonucleic acid (RNA) 
ribonucleotide 


ribosomal RNA (rRNA) 


RNA splicing 


semiconservative replication 


sense strand 


stacking interactions 


stop codon 
template strand 
transcription 


transfer RNA (tRNA) 


translation 


3 to 10 nucleotides linked by phosphodiester groups. 


a species in which two of the OH groups of phosphoric acid have been converted 
to OR groups. 


many nucleotides linked by phosphodiester groups. 
the sequence of bases in a nucleic acid. 


an automated technique used to sequence DNA; it detects the identity of the base 
that adds to the DNA primer. 


DNA that has been incorporated into a host cell. 

the synthesis of identical copies of DNA. 

the position on DNA where replication begins. 

an enzyme that cleaves DNA at a specific base sequence. 

a fragment that is formed when DNA is cleaved by a restriction endonuclease. 
a polymer of ribonucleotides. 

a nucleotide where the sugar component is D-ribose. 


the structural component of ribosomes, the particles on which protein synthesis 
takes place. 


the step in RNA processing that cuts out nonsense bases and splices informational 
pieces together. 


the mode of replication that results in a daughter molecule of DNA having one of 
the original DNA strands in addition to a newly synthesized strand. 


the strand in DNA that is not read during transcription; it has the same sequence of 
bases as the synthesized mRNA strand, except that the mRNA has Us in place of 
the Ts in DNA. 


weak attractive forces between the mutually induced dipoles of adjacent pairs of 
bases in DNA. 


a codon that signals “stop protein synthesis here.” 
the strand in DNA that is read during transcription. 
the synthesis of mRNA from a DNA blueprint. 


a single-stranded RNA molecule that carries an amino acid to be incorporated into 
a protein. 


the synthesis of a protein from an mRNA blueprint. 
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^^ Solutions to Problems 


1. The most basic atom in the ring is protonated. In the case of a purine, this is the nitrogen at the 7-position. 
In the next step, the bond between the heterocyclic base and the sugar breaks, with the anomeric carbocation 
being stabilized by the ring oxygen’s nonbonding electrons. 


NH; NH; NH) 
2 У 2 +N 2 N 
N ‚м N 
LLY ELS — DD 
No N^ СМ) п 
j HO m HO уу н: 


НО OH HO OH 


The mechanism is exactly the same for pyrimidines, except that the initial protonation takes place at the 


3-position. 
ao P HN/ ~ 
ZA 
p) о 
НО К +0 
НО: 
НО A, 
OH 
HO OH 
2. a. NH, b. O 
CH 
м2 HN : 
M MC ооо ДЈ) 
O N P P P O N 
К и N Лх О EIN Al Seal ы О 
OF s o? 0-9 o 
НО НО 
dCDP en 
rt 
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с О е. О 
5 НМ | HN | \ 
| A ws N 
ИУ О оо о 
6-0 | | | 
Р Р Р 
ИМИ О 
He о- 9 о- 9-9 
dUMP 
HO OH 
guanosine 5'-triphosphate 
GTP 
HN М 
о о A | М | > 
ll || ~ S 
P ом М 
АВА О 
О o-9 o-9 О 
НО 
НО ОН 
UDP О О ОН 
Ар” 
“oN 
© o 
adenosine 3’-monophosphate 
AMP 
3. A hydrogen bond acceptor is indicated by A (it is an atom with a lone pair); a hydrogen bond donor is 


indicated by D (it is an atom with a hydrogen attached to a nitrogen). 
The A and D designations show that the maximum number of hydrogen bonds that can form are two 
between thymine and adenine and three between cytosine and guanine. Notice that uracil and thymine have 


the same A and D designations. 


| 
ОА H3C OA D H—N N 
| 
A Д ум 
N—H D N—H D AN А 
N N NN SUBA 
sufar ОА sugar ОА 
uracil thymine adenine 
| 
N—H D A О Ny 
fo N 
NA D H—N М. 
== sugar 
AN у= 
sugar OA D пе 
Р Н 
cytosine 5 
guanine 
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4. If the bases existed in the enol form, no hydrogen bonds could form between the bases unless one of the 
bases were shifted vertically. 
| 
O—H р HC O—H D D H—N N 


N= N= N sugar 
sugar OH D sugar OH D 
uracil thymine adenine 
| 
N—H D D H—O N 


N _ —N sugar 
sugar OH D D H—N 
| 
cytosine H guanine 


5. 4 3 —C—C--L—G-—I—T--A—6—4—C—06-—5' 


b. guanine 
6. Notice that when a nucleophile attacks the phosphorus of a diester, the т bond breaks. However, when а 
nucleophile attacks the phosphorus of an anhydride, а с bond breaks instead of the 7 bond. 
О О 
О О 
— b 
Q {Xo 
ale "d us A s 
( | -o% <<a Bt :X “он 
в H Q) 
ze ET 
LAN 20 У 
О О 
НО 0 0 ОН 
= D O o= jo од 
ОН ОН 
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10. 


11. 


12. 


13. 


14. 


Chapter 26 


first generation 
original generation 


| | second generation 
| T ; | third generation 


НЕНА Рен 


Thymine and uracil differ only in that thymine has а methyl substituent that uracil does not have (thymine 
is 5-methyluracil). Because thymine and uracil both have the same groups in the same positions that can 
participate in hydrogen bonding, they both call for incorporation of the same purine. Because thymine 
and uracil form one hydrogen bond with guanine and two with adenine, they both incorporate adenine to 
maximize hydrogen bonding. 


| parental DNA = 


Because methionine is known to be the first base incorporated into the heptapeptide, the mRNA sequence 
is read beginning at AUG, since that is the only codon that codes for methionine. 


Met-Asp-Pro-Val-Ile-Lys-His 
Met-Asp-Pro-Leu-Leu-Asn 


It does not cause protein synthesis to stop because the sequence ПАА does not occur within a triplet. The 
reading frame causes the triplets to be AUU and AAA. In other words, the U is at the end of a triplet and 
the next triplet starts with AA. 


A change in the third base of a codon is least likely to cause a mutation because the third base is variable 
for many amino acids. For example, CUU, CUC, CUA, and CUG all code for leucine. 


The sequence of bases in the template strand of DNA specifies the sequence of bases in mRNA, so the 
bases in the template strand and the bases in mRNA are complementary. Therefore, the sequence of bases 
in the sense strand of DNA is identical to the sequence of bases in mRNA, except that wherever there is a 
U in mRNA, there is a T in the sense strand of РМА. 


5'—-G—C—A—T—G—G—A—C—C—C—C—G—T—T— 
A—T—T—A—A—A—C—A—C—3' 


Met Asp Pro Val Ile Lys His 


codons AUG GAU CCU GUU AUU AAA CAU 
GAC CCC GUC AUC AAG CAC 
CCA GUA AUA 
CCG GUG 
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anticodons CAU AUC AGG AAC AAU UUU AUG 
GUC GGG GAC GAU CUU GUG 
UGG UAC ПАП 


СОС САС 
Notice that the anticodons are written in the 5' — 3” direction. For example, the anticodon of AUG is 
written as CAU (not UAC). 
codon 5' AUG 3' 
ка 1 
anticodon 3/ UAC 5' 
15. NH; NH | О 
2 М М М 
Cp - XY Боса. 
o на S M 
N N NO N N N 
adenine hypoxanthine 
О О О 
М М М 
НМ НМ HN 
a | у ЕА = ү y но "ү \ + NH; 
N N N 
guanine xanthine 


16. Deamination involves hydrolyzing an imine to form a carbonyl group and ammonia. 


an imine 

МН, NH О 

N^ HN H,O HN 
A — JJ == JA J + 

deamination 

О М О М О М 

Н Н Н 

cytosine uracil 


Thymine does not have an amino substituent on the ring, which means that it cannot form an imine and, 
therefore, cannot be deaminated. 


Copyright © 2017 Pearson Education, Inc. 


816 


17. 


18. 


19. 


20. 


21. 


22. 


23. 


Chapter 26 


В is the only sequence that has a chance of being recognized by а restriction endonuclease because it is the 
only one that has the same sequence of bases іп the 5’ — 3’ direction that the complementary strand has in 
the 5’ — 3’ direction. 


"A—C—G—C—G—T^ 
ыы’ 


Lys-Val-Gly-Tyr-Pro-Gly-Met-Val- Val 
5'—GAC—CAC—CAT—TCC—GGG—GTA—GCC—AAC—TTT—3’ 
5'—AAA—GTT—GGC—TAC—CCC—GGA—ATG—GTG—GTC—3' 


A segment of DNA with 18 base pairs has 36 bases. If there are 7 cytosines, then there are 7 guanines. This 
accounts for 14 bases. Therefore, 22 (36 — 14 = 22) are adenines and thymines. 


а. 11 thymines b. 7 guanines 
а. guanosine 3'-monophosphate с. 2'-deoxyadenosine 5'-monophosphate 
b. cytidine 5'-diphosphate d. thymidine 


The third base in each codon has some variability. 


mRNA 5'-GG(UCA or G)UC(UCA or G)CG(UCA or G)GU(UCA or G)CA(U or C)GA(A or G)-3' 
____ а а ак | 
ог AG(U ог С) AG(A ог G) 


DNA 3'-CC(AGT or C)AG(AGT or C)GC(AGT or C)CA(AGT or C)GT(A or G)CT(T ог С)-5' 
Reales Бле REND 


template 
or TC(A or G) TC(T or C) 


sense 5'-GG(TCA or G)TC(TCA or G)CG(TCA ог G)GT(TCA or G)CA(T or C)GA(A or G)-3' 
or AG(T or C) AG(A or G) 


Notice that Ser and Arg are two of three amino acids that can be specified by six different codons. 


Copyright © 2017 Pearson Education, Inc. 


| 


Chapter 26 817 


24 NH? 
м2 | 3 а 5 А 
o 90 ok | | 
1б CN | | | N о == 31074 К 
: -+ -O - 3 
Q iid 9 РУМИ МА О 9 
+МН; о- О o- 9 o- 9 *NH, 
ATP HO OH № + АПР 
:0: О О О 
eee. | | 
HB* + -0 | of. | ^o €——— 70 е | ^o 
S 
| H 
де :В 
б р е 
с l | 
A 
HN No + | ZI | + B 
*NH, O оно 
25. а. Пе : b. Asp c. Val d. Val 


26. The ribosome, the particle on which protein synthesis occurs, has a binding site for the growing peptide 
chain and a binding site for the next amino acid to be incorporated into the chain. 


О О 
в М HAN 
-2 ТР 
О R R 


peptide binding site ^ amino acid binding site 


In protein synthesis, all peptide bonds are formed by the reaction of an amino acid with a peptide, except 
the first peptide bond, which must be formed by the reaction of two amino acids. Therefore, for the 
synthesis of the first peptide bond, the first (N-terminal) amino acid must have a peptide bond that will fit 
into the peptide binding site. The formyl group of N-formylmethionine provides the peptide group that will 
be recognized by the peptide binding site for formation of the first peptide bond. 


N-formylmethionine 
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27. 
Codon: 


CAAA) 
Anticodon: CACC) 


LA BR 


сея I". 


b. mRNA CC(UCA or G)GC(UCA or eee ог G)CG(UCA or G) 


ог UU(A ог G) AG(A ог G) 


о 
• 


DNA (sense strand) СС(ТСА ог G)GC(TCA or G)CT(TCA or G)CG(TCA ог С) 
or TT(A ог О) AG(A ог G) 


Notice that because mRNA is complementary to the template strand of DNA, which is complementary to 
the sense strand, mRNA and the sense strand of DNA have the same sequence of bases (except DNA has а 
T where RNA has а U). Also notice that Leu and Arg are each specified by six codons. 


29. a. CCand GG c. CAand TG 


СА and TG are formed in equal amounts because А pairs with T and C pairs with G. 

ғ CA» 

s OTs 
(Remember that the dinucleotides are written in the 5' — 3’ direction. For example, part f is not a correct 
answer because it has A pairing with A and T pairing with T.) 


30. AZT is incorporated into DNA when the 3'-ОН group of the last nucleotide incorporated into the grow- 
ing chain of DNA attacks the a-phosphorus of AZT-triphosphate instead of the a-phosphorus of a normal 
nucleotide. When AZT is thus incorporated into DNA, DNA synthesis stops because AZT does not have a 
3'-OH group that can react with another nucleotide. 


31. UUU = phenylalanine UUG = leucine GGU = glycine 
GGG = glycine UGU = cysteine GUG = valine 
GUU = valine UGG = tryptophan 


32. The number of different codons using four nucleotides: 


for a two-letter code: (4)? = 16 
for a three-letter code: (4)? = 64 
for a four-letter code: (4)* = 256 
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Because 20 amino acids must ђе specified, a two-letter code does not provide enough codons. 

A three-letter code provides enough codons for all the amino acids and also provides the necessary stop 
codons. 

A four-letter code provides many more codons than are needed. 


33. In the first step of the reaction, the imidazole ring of one histidine acts as a general-base catalyst, removing 
a proton from the 2'-OH group to make it a better nucleophile. In the second step, the imidazole ring of 
the other histidine acts as a general-acid catalyst, protonating the leaving group to make it a weaker base 
and, therefore, a better leaving group. In the third and fourth steps, the roles of the two imidazole rings are 


reversed. 
О о 
О О 
МН 
МР — 
| отн м/н о A : 
-O—P=O “O—P—O 


i O | jp 58 i О 
‘N\A His 
| O—H LN о г 
Бл i О | AW? 
ч mi ЈЕР aes 
EU Z His | E, 4 mis 
„Ж Н он 
СЕ, 
Lx |М 
9 оно 


34. The normal and mutant peptides have the following base sequence in their mRNA: 


normal: CA(AG) UA(UC) GG(UCAG) AC(UCAG) CG(UCAG) UA(UC) GU(UCAG) 
mutant: CA(AG) UC(UCAG) GA(AG) CC(UCGA) GG(UCGA) AC(UCAG) 


a. The middle nucleotide (A) in the second triplet was deleted. This means that an A was deleted in the 
sense strand of DNA or a T was deleted in the template strand of DNA. 
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b. The mRNA for the mutant peptide has an unused 3'-terminal two-letter code, U(UCAG). The 
last amino acid in the octapeptide of the normal fragment is leucine, so its last triplet is UU(AG) 
or CU(UCAG). 


This means that the triplet for the last amino acid in the mutant is UUCAG)(UC) and that the last amino 
acid in the mutant is one of the following: Phe, Ser, Tyr, or Cys. 


35. If deamination does not occur, the mRNA sequence will be: 


AUG-UCG-CUA-AUC, which will code for the following tetrapeptide: 
Met-Ser-Leu-Ile 


Deamination of a cytosine results in a uracil. 
If the cytosines are deaminated, the mRNA sequence will be: 


AUG-UUG-UUA-AUU, which will code for the following tetrapeptide: 
Met-Leu-Leu-Ile 


The only cytosine that would change the amino acid that is incorporated into the peptide is the first one. 
Therefore, this is the cytosine that could cause the most damage to an organism if it were deaminated. 


36. 5-Bromouracil is incorporated into DNA in place of thymine because of their similar size. Thymine exists 
primarily in the keto form and pairs with adenine via two hydrogen bonds. 5-Bromouracil exists primarily 
in the enol form. The enol cannot form any hydrogen bonds with adenine, but it can form two hydrogen 
bonds with guanine. Therefore, 5-bromouracil pairs with guanine. Because 5-bromouracil causes guanine 
to be incorporated instead of adenine into newly synthesized DNA strands, it causes mutations. 


| 
H3C O----H—N B О—Н----- О 
3 М S r N Б 
/ \ 
/ ов \ | \ нк \ 
N \— N sugar N = =y sugar 
sugar О sugar ОН em 
thymine adenine S-bromouracil H  guanine 


37. In an acidic environment, nitrite ion is protonated to nitrous acid. We have seen that the nitrosonium ion is 
formed from nitrous acid (Section 18.20). 


на! 


на! 
Ма -O—N=O === HO—N-—O 


sodium nitrite + cr + CF пш шшш 


Н + 
нО-м=О === HO + N—O 
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The nitrosonium ion reacts with a primary amino group to form а diazonium ion, which can be displaced 
by water (Section 18.18). 


De д . fo — sÅ 


О 
| 


cytosine uracil 


38. It requires energy to break the hydrogen bonds that hold the two chains together, so an enormous amount 
of energy would be required to unravel the chain completely. | 
As the new nucleotides that are incorporated into the growing chain form hydrogen bonds with the parent 
chain, energy is released, and this energy can be used to unwind the next part of the double helix. 


39. Са? * decreases the pK, of water, forming calcium-bound hydroxide ion, which is a better nucleophile than 
water. The positively charged nitrogen (of the guanidinium group) of arginine stabilizes the negatively 
charged oxygen formed when the Р=О т bond of the diester breaks and therefore makes it easier to 
form. Glutamic acid protonates the OR oxygen, thereby making it a weaker base and, therefore, a better 
leaving group when the РЕЕО т bond reforms. 


i 
8- * 
Ca---OH _ -0—P—O Ve 
| С 
| О У 
Glu—C—OH + юч мн 
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Chapter 26 Practice Test 


Is the following compound dTMP, UMP, dUMP, or dUTP? 


О 
HN | 
о Ps 
| O^ ^N 
„| М О 
O o- 9 
HO 


If one of the strands of DNA has the following sequence of bases running in the 5' — 3’ direction, what is 
the sequence of bases in the complementary strand? 


S —A—C-—T-—T--G-SC—A-—Te-3' 
What base is closest to the 5'-end in the complementary strand? 


Indicate whether each of the following statements is true or false: 


a. Guanine and cytosine are purines. T F 
b. The 3’-OH group allows RNA to be easily cleaved. T F 
c. The number of As in DNA is equal to the number of Ts. T F 
d. rRNA carries the amino acid that will be incorporated into a protein. T F 
e. The template strand of DNA is the one transcribed to form RNA. T F 
f. The 5’-end of DNA has a free OH group. T F 
g. The synthesis of proteins from an RNA blueprint is called transcription. T F 
h. A nucleotide consists of a base and a sugar. T F 
i. ВМА contains Ts, and DNA contains Us. T F 


Which of the following base sequences would most likely be recognized by a restriction endonuclease? 
1. ACGCGT 3. ACGGCA 5. ACATCGT 


2. ACGGGT 4. АСАСОТ 6. ССААСС 
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What would be the sequence of bases in the mRNA obtained from the following segment of DNA? 


sense strand 
5' — G-C-A-T-G-G-A-C-C-C-C-G-T — 3’ 
3' — C-G-T-A-C-C-T-G-G-G-G-C-A — 5' 
template strand 
Which of the following pairs of dinucleotides occur in equal amounts in DNA? 


(Remember, nucleotides are always written in the 5' — 3' direction.) 


CA and GT CG and AT 
СС and GG СА and TG 
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Synthetic Polymers 


Important Terms 


addition polymer 
(chain-growth polymer) 


alpha olefin 
alternating copolymer 


anionic polymerization 


aramide 


atactic polymer 


biodegradable polymer 
biopolymer 

block copolymer 
cationic polymerization 
chain-growth polymer 
(addition polymer) 
chain transfer 
condensation polymer 
(step-growth polymer) 
conducting polymer 
copolymer 
cross-linking 
crystallites 


elastomer 


a polymer that is made by adding monomers to the growing end of a chain. 


a monosubstituted ethylene. 
a copolymer in which two monomers alternate. 


a chain-growth polymerization where the initiator is a nucleophile and the propaga- 
tion site is an anion. 


an aromatic polyamide. 


a polymer in which the substituents are randomly oriented on the extended carbon 
chain. 


a polymer that can be degraded by microorganisms. 
a polymer that is synthesized in nature. 


a copolymer in which there are blocks of each kind of monomer within the poly- 
mer chain. 


a chain-growth polymerization where the initiator is an electrophile and the propaga- 
tion site is a cation. 


a polymer that is made by adding monomers to the growing end of a chain. 
a reaction in which a growing polymer chain reacts with a molecule XY in a manner 
that allows X + to terminate the chain, leaving behind Y • to initiate a new chain. 


a polymer that is made by combining two molecules while removing a small molecule 
(usually water or an alcohol). 


a polymer that can conduct electricity down its backbone. 

a polymer formed using two or more different monomers. 
connecting polymer chains with covalent bonds. 

regions of a polymer in which the chains are highly ordered. 


a polymer that can stretch and then revert back to its original shape. 


824 
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epoxy resin 


graft copolymer 


head-to-tail addition 


homopolymer 


isotactic polymer 


living polymer 


materials science 
monomer 


oriented polymer 


plasticizer 


polyamide 
polycarbonate 
polyester 
polymer 


polymer chemistry 


polymerization 
polyurethane 


propagating site 


radical polymerization 


random copolymer 


ring-opening 
polymerization 


Chapter 27 825 


a resin that is formed by mixing a low-molecular-weight prepolymer with a 
compound that forms a cross-linked polymer. 


a copolymer that contains branches of a polymer of one monomer grafted onto the 
backbone of a polymer made from another monomer. 


the head of one molecule is added to the tail of another molecule. 
a polymer that contains only one kind of monomer. 


a polymer in which all the substituents are on the same side of the extended 
carbon chain. 


a nonterminated chain-growth polymer that remains active. Therefore, the 
polymerization reaction can continue upon addition of more monomer. 


the science of creating new materials that have practical applications. 
a repeating unit in a polymer. 


a polymer obtained by stretching polymer chains and putting them back together 
in a parallel fashion. 


an organic molecule that dissolves in a polymer and allows the polymer chains to 
slide by each other. 


a polymer in which monomers are connected by amide groups. 

a polymer in which the monomers are connected by carbonate groups. 
a polymer in which monomers are connected by ester groups. 

a large molecule made by linking monomers together. 


the field of chemistry that deals with synthetic polymers; part of the larger 
discipline known as materials science. 


the process of linking up monomers to form a polymer. 
a polymer in which monomers are connected by urethane groups. 
the reactive end of a chain-growth polymer. 


a chain-growth polymerization where the initiator is a radical and the propagation 
site is a radical. 


a copolymer with a random distribution of monomers. 


a chain-growth polymerization that involves opening the ring of the monomer. 
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step-growth polymer 
(condensation polymer) 


syndiotactic polymer 


synthetic polymer 


thermoplastic polymer 


thermosetting polymers 


urethane 
(carbamate) 


vinyl polymer 
vulcanization 


Ziegler—Natta catalyst 


a polymer that is made by combining two molecules while removing a small 
molecule (usually water or an alcohol). 


a polymer in which the substituents regularly alternate on both sides of the fully 
extended carbon chain. 


a polymer that is not synthesized in nature. 


a polymer that has both ordered crystalline regions and amorphous non-crystalline 
regions. 


cross-linked polymers that, after they are hardened, cannot be remelted by heating. 


a compound with a carbonyl group that is both an amide and an ester. 


ore) 


RO/ “МНЕ 


a polymer in which the monomer is ethylene or a substituted ethylene. 
increasing the flexibility of rubber by heating it with sulfur. 


an aluminum-titanium initiator that controls the stereochemistry of a polymer. 
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Solutions to Problems 


а. CH—CHC| b. сњ=<есњ с. CE—CF, 
C—O 
OCH; 


Poly(vinyl chloride) would be more apt to contain head-to-head linkages, because a chloro substituent is 
less able (compared with a phenyl substituent) to stabilize the growing end of the polymer chain by elec- 
tron delocalization. 


— CHCH — CHCH;CH;CH — CHCH;CHCH;CH;CHCH;CH — 


Me 2 HO: 


ш ы 
СІ Cl 


HO — CH,CHCH,CH: 
| | 
Cl а! а а 


но—сн,снсн;сн' + cu CH 
| 


| 
а а Cl а а cz 


озн НОВ ОС 


Beach balls are made from more highly branched polyethylene because branching increases the flexibility 


of the polymer. 
bo 
сњ, 
«С 
сњ, 
— СЊСНСЊСНСЊССЊСНСЊСН — 
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7. Decreasing ability to undergo cationic polymerization is in the same order as decreasing stability of the 
carbocation intermediate. (Electron donation increases the stability of the carbocation.) 
CH=CH CH,—CH CH=CH 
> > 
OCH; CH; NO» 
donates electrons withdraws electrons 
by resonance by resonance 


| 
CH),==CH—OCH3 > CH,—CHCH, > CH;—CH—CCH; 


donates electrons withdraws electrons 
by resonance by resonance 
CH2=CCH3 CH;—CH A tertiary benzylic cation is more stable 
than a secondary benzylic cation. 
> 
8. Decreasing ability to undergo anionic polymerization is in the same order as decreasing stability of the 


carbanion intermediate. (Electron withdrawal increases the stability of the carbanion.) 


a. CH=CH CH=CH CH=CH 
> > 
МО» СН» ОСН» 
withdraws electrons donates electrons 
by resonance by resonance 


b. CH—CHCEN > сњ=ена > CH,—CHCH; 


withdraws electrons withdraws 
by resonance electrons inductively 


9. Methyl methacrylate does not undergo cationic polymerization because the carbocation propagating site 
would be very unstable, since the ester group is strongly electron withdrawing. 


n К" 


с=о 


a strongly electron-withdrawing group 


propagating site 
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Rör У О, „СНз To 
a М _ 
. ВО —= RO—CH,CO 
я СН» и 
CH; 
CH CH; CH 
[ СО, ‚сн; | | 
ко—сњеф, a —- RO—CH;COCH;CO- 
3 
CH; CH, CH; 
CH, CH, со cH, CH; сњ сњ 
ко—сњбоснх је АС cH RO CHsCOCHzCOCH CO” 
3 
CH; CH; CH, CH, CH; 
oe + 
Усул 
CH; CH; 
CH 
+. Тә, СН 3 
HO: CH; О: СН» | 3 27% 
LZ LN ——- HOCH;C—Ó 
CH; СН; "i + 
CH, 
сн; СНз .. CH; CH; CH 
Г (С Ув св, [| в 
носне — 0 LX — носвхсоснњ:— 9 
CH 
CH; 3 CH; СН 


In anionic polymerization, nucleophilic attack occurs at the less substituted carbon because it is less 
sterically hindered; in cationic polymerization, nucleophilic attack occurs at the more substituted carbon 
because the ring opens to give the more stable partial carbocation (Section 10.7). 


О position of nucleophilic attack 

/ \  incationic polymerization 
РА CH3 

position of nucleophilic attack 

in anionic polymerization 


— O _ 

a. СН›=ССН» + ВЕ; + H,O с. + СНО 
| LN 
СН» 

b. CH,—CH + BF; + H,O d. CH?—CH + Виц 
N СОСН» 


с“ 
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13. 3,3-Dimethyloxacyclobutane undergoes cationic polymerization by the following mechanism: 


+ CH; 


О | 
ње q ac @—сн„ссн,он 
3 
H3C \, J9 CH; 
й eJ indi S 
3 


О: 
H3C 
H3C N 


| | 
о сњесњосњесњон 
СН» CH; 
“7 H3C — 


О: 
Н.С 
Сн; єн CH; 


+ 
HC N — старо ос CH0CHCC HOH 
3 | 


СН» СН» 


HC CH; CH; CH; 


14. 22 22 Z 


15. a. CH; cw -cu —CH? CH; „он сн =<Н CH; FAMEM —CH2 


— CH; — CH=CH — CH; — CH; — CH=CH — CH; — CH? — CH=CH — CH; — 


| л 
b. СН›=СН CH, =CH CH, =CH 


CH=CH, CH=CH; СН=СН» 


— CH2 — CH — CH} — CH — CH2 — CH — 


CH=CH; CH=CH, CH=CH, 
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ЈА | 
16. а — NHCH;CH;CH;CNHCH;CH;CH;C — 


|| || || || 
b — М Н(СН»)4МНССН»СН»СМ H(CH2)4NHCCH2CH>C m 


|| | | 
17. И еее аш! | NH(CH,).NH— 


Г; 
| | à А 
п НОССН>). СОН + п Ha3N(CHjgNH3 
18. They hydrolyze to form salts of dicarboxylic acids and diols. 
О О О О 
| | || | 
=C C-TOCH; СЊО— С Ст-ОСН СЊО — 


Kodel 


| NaOH 


| | 
n Na* = >= Nat + n нос, )- CH,OH 
| | | (| 
= = осњсњо—<— у ОСЊСЊО— 
п 


Dacron 


| NaOH 


| | 
n Nat v Ste Nat + n HOCH,CH,OH 
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сњ 


Tus ты 


CH,—CI CH, —CI 


-2H* 


је i i 
-(_)—с—( occ A ym 
CH; он | CH; 
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vi [9 T 99 
b (>a - e oomen «ee у овна 
СН» он | CH; 
HjNCH;CH;NHCH;CH;NH; HNCH;CH;NHCHCHoNH ______ 
CO Сн — тв о) 
ca e yos ee vm 
CH; он |, СН» 


-4 Ht 


du - у Comes aon KOSS 
бн, 


СН» OH H? 
бн, M 
NH Мн 
сн, сњ, 
сн, 


CH, 


| | 
NHCH,CHCH OCH,CHCH, OCH:CHCH:NH 
m 
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20. 


21. 
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The polymer is stiffer because the OH on the middle carbon of glycerol cross-links the polymer chains. 


The polymer chains | | | 
аге cross-linked. * G— HN NH— C — OCH,CH;0 — C — NH NH— 
o | СН» СН» 
CH; ~ | CH; 
—NH NH—C—OCH;CHCH,O—C—NH NH—C—OCH,CH,O—C— 
i i 


Formation of a protonated imine between formaldehyde and one amino group, followed by reaction with a 
second amino group, accounts for formation of the linkage that holds the monomers together. 


+ .. 
М uber HN 


М imine HN 
27" formation 2 
УТ +в Y Y 


Na, UN (Occurs in Nx UN Nx UN 
ld several steps; bd ld 
see page 761 of 
Мн; the text.) NH2 Мн; 


a dimer of Melmac 
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+ЯН + НО НО 


U "cc 
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24. 


25. 


26. 


Chapter 27 
а. — ОН aa НОЕ —  chain-growth polymer 
F F 
b. — СВ НОВ НЫНЕ He chain-growth polymer 


COH CO COH 
dc on 


Tw. 
~ 
Б 


|| || | 
с. —O(CHjsSCO(CHj4CO(CH94C — _step-growth polymer 


[| | || || 
d. —NH(CH,);NHC(CH>)s;CNH(CH2)sNHC(CH2);C— — step-growth polymer 


О 


| | | | 
е. —OCNH C NHCOCH,CH,OCNH C NHCO—  step-growth polymer 
CH; СН» 


A X 
а. — CH;CH;OCH;CH;N N— 


\ 
b. - M ocemeno—( Y- N=CHCH=N— 


— CH; — CH — CH; —CH — CH; —CH — CH, —CH 
* * 
T 
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28. 


29. 


СН == CHCH;CH; 


CISO, 202 $О»С1 + Н,М(СН›)МН, 


8, b, c, e, and g are chain-growth polymers. 


d, f, and h are step-growth polymers. 
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[s 
e. CHP,—CCH-—CH; 


| 
HO(CH,);COH 


™ 


o8 СН, =CCH3 


| | 
h. woe Sion * HOCH;CH;OH 


Whether a polymer is isotactic, syndiotactic, or atactic depends on whether the substituents are all on 
one side of the carbon chain, alternate on both sides of the chain, or are random with respect to the chain. 
Because a polymer of isobutylene has two identical substituents on each carbon in the chain, different 
configurations are not possible. 


c. 


CH, CH, CH CH; 


и CH;CCH;CCH;CCH;C == 


CH, CH, CH, CH; 


polymer of isobutylene 


EE а ад АЁ 


CH, CH; CH, CH; 


re Га rus D? 
БЖ в a DA 


ren CU Р БИС 


ОООО 


——Сн›СН — CH;CH — CH;CH — CH;CH — 


p б сосњ qoe 
О О О 


— СНСН — СН:СН — СН›СН — СН›СН — 


OCH; OCH; ОСН; OCH; 
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30. a. Because it is a polyamide (and not a polyester), it is a nylon. 


1 n 
b. вс“ my and | HOC(CHj)gCOH 


31. Each ester group in the compound reacts with НСІ/СН,ОН in the same way. 


|| || || „àa ©] || || 
—C—OCH,CH,O—C с = Bu OCH,CH,O—C C— 


CH,ÓH | 


| | j 
—б—осцеңо—б—{ ў— 


С) 


OH O 


О 
| è OCH.CH,O l I 
—C— OCH, ~ 272 


ОСН, HTB 


aL H \в | 


О сон О О 
| | || MEM || || 
—C—OCH, + HOCH,CH,O—C с— —C-0CH,CH,O—C с— 
| H 


OCH 


3 


32. A copolymer is composed of more than one kind of monomer. Because the initially formed carbocation 
can rearrange, two different monomers (the unrearranged carbocation and the rearranged carbocation) are 
involved in formation of the polymer. 


CH; CH; 


“+ | 1,2-methy] shift | + 
СНОС: —_ — —CRRCHE CHS 
СН» CH; 
unrearr. anged monomer rearranged monomer 


Copyright О 2017 Pearson Education, Inc. 


Chapter 27 839 


33. The polymer in the flask that contained a high-molecular-weight polymer and little material of intermedi- 
ate molecular weight was formed by a chain-growth mechanism, whereas the polymer in the flask that 
contained mainly material of intermediate molecular weight was formed by a step-growth mechanism. 


In a chain-growth mechanism, monomers are added to the growing end of a chain. This means that at any 
one time, there will be polymeric chains and monomers. 


Step-growth polymerization is not a chain reaction; апу two monomers can reaet-—Fherefere;-higlr-—— — — 
molecular-weight material will not be formed until the eng Dh the reaction when pieces of intermediate 


molecular weight combine. 


34. a. Vinyl alcohol is unstable; it tautomerizes to acetaldehyde. 


OH 
CH= ie tautomerization C Bon 
vinyl alchol acetaldehyde 


b. Itis nota true polyester. It has ester groups as substituents on the backbone of the chain, but it does not 
have ester groups within the backbone of the polymer chain. A true polyester has ester groups within 
the backbone of the polymer chain. 


35. Each of the following five carbocations can add the growing end of the polymer chain. 


1,2-hydride 1,2-hydride CH; 
shift t shift | 
— CHCH —CH;CH;CH = ——————+ ео 
| 
СН, Г СН; 
ПШ СН» 
СН» 1,2-methyl 
y 
shift 
CH; 1,2-hydride CH; 
+ shift | 
M d — CH2CH2CCH2CH3 
СН» 
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CH CH CH, 


3 3 


| | | 
36. кке a E N— СН, пи 


5 в Š 


37. Because 1,4-divinylbenzene has substituents on both ends of the benzene ring that can engage in 
polymerization, the polymer chains can become cross-linked, which increases the rigidity of the polymer. 


CH=CH) 
$ 1,4-divinylbenzene 
CH=CH), 


—CH—CH,— CH—CH;—CH —CH; — CH—CH,— CH— 


оосо 


«~ cross-link 
—CH—CH,—CH—CH,— CH— СН, — CH — CH; —CH —CH;— CH — 


оо OO 
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38. The OH group on the middle carbon of glycerol allows for cross-linking during polymerization. Glyptal 
gets its strength from this cross-linking. 


| | 
HO—C — У + HOCH CHCHOH 


OH 
terephthalic acid glycerol 
C—O 
О О О О | О 
2-0 у осњенсњос—( оси нсњос— 
б 
с=о 
кт ша 
bc— 
Ц 
C—O 
0 с=о 
e О О | О 
їноб—{ _`у—босинсво— 
сн, 
б 
- 
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39. The five-membered ring and the four-membered ring react to form the species that polymerizes to form the 
alternating copolymer. 

О 

| 

ФИ“ С ~o- 


40. Both compounds can form esters via intramolecular or intermolecular reactions. The product of the 
intramolecular reaction is a lactone; the intermolecular reaction leads to a polymer. 


5-Hydroxypentanoic acid reacts intramolecularly to form а six-membered-ring lactone, whereas 
6-hydroxyhexanoic acid reacts intramolecularly to form a seven-membered-ring lactone. 


О 
НО МИА си CT 
5-hydroxypentanoic acid 
О О 
нод 
ОН О 
6-ћудгохућехапојс acid 


The compound that forms the most polymer is the one that forms the least lactone because the two reac- 
tions compete with each other. 


The six-membered-ring lactone is more stable and, therefore, has a more stable transition state for its for- 
mation, compared to a seven-membered-ring lactone. Because it is easier for 5-hydroxypentanoic acid to 
form the six-membered-ring lactone than for 6-hydroxyhexanoic acid to form the seven-membered-ring 
lactone, 6-hydroxyhexanoic acid forms more polymer. 
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41. Rubber contains cis double bonds. Ozone (Оз), which is present in the air, oxidizes double bonds to carbonyl 
groups, which destroys the polymer chain. Polyethylene does not contain double bonds, so it is not air-oxidized. 


а. char cut 


—CH--CH-—O —CH,—CH=CH—O— 
acrolein repeating unit 
снн тынык 
CH CH 
|| || 
О 
acrolein repeating unit 


43. The plasticizer that keeps vinyl soft and pliable can vaporize over time, causing the polymer to become 
brittle. For this reason, high-boiling materials are preferred over low-boiling materials as plasticizers. 


44. a. Because the negative charge on the propagation site can be delocalized onto the carbonyl oxygen, the 
polymer is best prepared by anionic polymerization. 


CH; CH; 


| | 
сн›=С сн, сн `сн=с mpi 
Г = D Bird DM 
CH3CH;CH;CH; —-Li Como СОО с=о СОО 


| | 
О О 
NO NO; 


2 


єн; CH; єн; єн; 
Bu— CH,CHCH,CHCH,CHCH,CH— “O° — CH,CHCH,CHCH,CHCH,CH — 
с=0 Coo- C=O COO- COO- COO- COO- COO- 


| | 
О О 
МО; МО; 
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b. The carboxyl substituent is in position to remove а proton from water, making water a better nucleophile. 
S СН; 
— CH;CHCH;CH — CH;CHCH;CH — 


C—O,CH С=О COO^ 
| Z NN | У 


© „2020 
хі О 
Си 


МО» МО» 


45. Hydrolysis converts the ester substituents into alcohol substituents, which can react with ethylene oxide 
to graft a polymer of ethylene oxide onto the backbone of the alternating copolymer of styrene and vinyl 
acetate. 


= CEB НО НС HC HCH CHE НОВ Нена 


) 
= oe 0—6 
1, СН; 
НСІ | H,O 


— CHICHCH/CHCH/CHCH;CHCH,CHCH,CHCH,— 
ОН OH OH 


ethylene oxide 


7 нон (нен нс нен не Но 


О О О 
Lu Ch on, 
Gh Ch 6, 
b 0 0 
а А m 
o А m 
б б б 
Gh ch 68, 
e n бн, 
О |, О 
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46. The desired polymer is an alternating copolymer of ethylene and 1,2-dibromoethylene. 


CH,—CH; =н 
Вг Вг 
Н Н H H 
47 HO d eec HO—CH,—O es gue 
А а. = "О = — — 2— © = О = 

А З 
Н Н Н Н 

Н Н 

HO — СЊ—0О— CH mc о=< 

— С ОС. 0 ON 0 = 

7 X \ 

H H 

H 

+ / 

HO— CH;—0—CH,—0—CH;-0—C 

H 


| 


НО — СН, — O—CH;— O— CH; — O — CH; = O— СН, — 


Delrin 


b. Delrin is a chain-growth polymer because it is made by adding monomers to the end of a growing 
chain. 
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Chapter 27 Practice Test 
Draw a short segment of the polymer obtained from each of the following monomers. 


In each case, tell whether it is a chain-growth polymer or a step-growth polymer. 


а. CH,—CHCOOH c. CH,—CCl 


| | | 
b. HO(CH,);COH d. CIC(CH,),CCI + HjN(CH)4NH 


Draw the structure of the monomer ог monomers used to synthesize the following polymers. In each case, 
tell whether the polymer is a chain-growth polymer or a step-growth polymer. 


а. —CH,CH— с —CH;CH0— 
СН; СН; 
(Hs || 
b. —CH,C=CHCH,— d. —OCH,CH,CH,CH,C— 


Draw short segments of the polymers obtained from the following compounds under the given reaction 
conditions. 


CH,CH,CH,CH,Li 

a. СН, =н — 

С 

|| 

М 

BF, H,O 

b. CH,—CH 

= 

CH; 
c. О CH, 


H,C — CHCH, CH, 


Explain why CH, = ССІ, does not form an isotactic, syndiotactic, or atactic polymer. 
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Pericyclic Reactions 


Important Terms 


antarafacial bond 
formation 


antarafacial 
rearrangement 


antibonding 77 molecular 
orbital 


antisymmetric molecular 
orbital 


bonding 77 molecular 
orbital 


Claisen rearrangement 


conrotatory ring closure 


conservation of orbital 
symmetry theory 


Cope rearrangement 


cycloaddition reaction 


disrotatory ring closure 


electrocyclic reaction 


excited state 


frontier orbital analysis 


frontier orbitals 


frontier orbital theory 


formation and/or cleavage of two o bonds that occur on opposite sides of the 7r 
system of the reactant. 


a rearrangement where the migrating group moves to the opposite face of the п 
system. 


a molecular orbital that results when two parallel atomic orbitals with opposite 
phases interact. Electrons in an antibonding orbital decrease bond strength. 


a molecular orbital in which the left half is not a mirror image of the right half 
but would be if one-half of the MO were turned upside down. 


a molecular orbital that results when two parallel atomic orbitals with the 
same phase interact. Electrons in a bonding orbital increase bond strength. 


a [3,3] sigmatropic rearrangement of an allyl vinyl ether. 


a ring closure that achieves head-to-head overlap of p orbitals by rotating Hie 
orbitals in the same direction. 


a theory that explains the relationship between the structure and stereochemistry of 
the reactant, the conditions under which a pericyclic reaction takes place, and the 
stereochemistry of the product. 


a [3,3] sigmatropic rearrangement of a 1,5-diene. 


a reaction in which two zr-bond-containing molecules react to form a cyclic 
compound. 


a ring closure that achieves head-to-head overlap of p orbitals by rotating the 
orbitals in opposite directions. 


an intramolecular reaction in which a new o bond is formed between the ends of a 
conjugated system. 


a description of which orbitals the electrons of an atom or a molecule occupy when 
an electron in the ground state has been moved to a higher-energy orbital. 


an analysis that determines the outcome of a pericyclic reaction using frontier 
orbitals. 


the HOMO and the LUMO of the two reacting species in a pericyclic reaction. 


a theory that, like the conservation of orbital symmetry, explains the relationship 
between reactant, product, and reaction conditions in a pericyclic reaction. 


847 
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ground state 


highest occupied 


molecular orbital (HOMO) 


linear combination of 


atomic orbitals (LCAO) 


lowest unoccupied 


molecular orbital (LUMO) 


molecular orbital (MO) 
theory 


pericyclic reaction 
photochemical reaction 
polar reaction 


radical reaction 


selection rules 


sigmatropic 
rearrangement 


suprafacial bond 
formation 


suprafacial 
rearrangement 


symmetric molecular 
orbital 


symmetry-allowed 
pathway 


symmetry-forbidden 
pathway 


thermal reaction 


Woodward-Hoffmann 
rules 


a description of which orbitals the electrons of an atom or a molecule occupy when 
they are all in their lowest-energy orbitals. 


the molecular orbital of highest energy that contains an electron. 

the combination of atomic orbitals to produce a molecular orbital. 

the molecular orbital of lowest energy that does not contain an electron. 

a theory that describes a model in which the electrons occupy orbitals as they do 
in atoms but with the orbitals extending over the entire molecule. 

a concerted reaction that occurs as a result of a cyclic reorganization of electrons. 
a reaction that takes place when a reactant absorbs light. 


the reaction between a nucleophile and an electrophile. 


a reaction in which a new bond is formed using one electron from one reactant and 
one electron from another reactant. 


the rules that determine the outcome of a pericyclic reaction. 


a reaction in which a o bond is broken in the reactant, а new с bond is formed іп 
the product, and the 7r bonds rearrange. 


formation and/or cleavage of two с bonds that occur on the same side of the т 
system of the reactant. 


a rearrangement where the migrating group remains on the same face of the т 
system. 

a molecular orbital in which the left half is a mirror image of the right half. 

a pathway that leads to overlap of in-phase orbitals. 


a pathway that leads to overlap of out-of-phase orbitals. 


a reaction that takes place without the reactant having to absorb light. 


a series of selection rules for pericyclic reactions. 
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Solutions to Problems 


electrocyclic reaction с. cycloaddition reaction 
sigmatropic rearrangement d. cycloaddition reaction 
bonding orbitals = уу, у», уз; antibonding orbitals = фа, Vs, We 
ground-state HOMO = фз; ground-state LUMO = wy 

excited-state HOMO = у; excited-state LUMO = у; 

symmetric orbitals = фу, уз, Ys; antisymmetric orbitals = Wo, Y4, We 
The HOMO and LUMO have opposite symmetries. 


eight molecular orbitals b. 4 c. seven nodes (There is also a node that passes through the 
nuclei—that is, through the centers of the p orbitals.) 


1,3-Pentadiene has two conjugated т bonds, so it has the same molecular orbital description as 
1,3-butadiene, a compound that also has two conjugated т bonds. (See Figure 28.2 on page 1216 of 
the text.) 


The лт bonds in 1,4-pentadiene are isolated, so its molecular orbital description is the same as ethene, a 
compound with an isolated т bond. (See Figure 28.1 on page 1216 of the text.) 


1,3,5-Heptatriene has three conjugated 7r bonds, so it has the same molecular orbital description as 
1,3,5-hexatriene, a compound that also has three conjugated 7 bonds. (See Figure 28.3 on page 1217 
of the text.) 


1,3,5,8-Nonatetraene has three conjugated 7r bonds and an isolated 7r bond. The three conjugated 
т bonds are described by Figure 28.3 and the isolated 7r bond by Figure 28.1. 


2, 4, or 6 conjugated double bonds 3, 5, or 7 conjugated double bonds 


Under thermal conditions, electrocyclic ring closure involves the HOMO of the polyene (a compound 
with several double bonds). If the polyene has an even number of double bonds, conrotatory ring 
closure will result in in-phase overlap of the terminal p orbitals in the HOMO. If the polyene has an 
odd number of double bonds, disrotatory ring closure will result in in-phase overlap of the terminal p 
orbitals in the HOMO. 


Under photochemical conditions, electrocyclic ring closure involves the LUMO of the polyene, which 
has the opposite symmetry of the HOMO and, therefore, requires the opposite mode of ring closure to 
that required under thermal conditions. 


(2E,4Z,6Z,8E)-2,4,6,8-Decatetraene has an even number of conjugated m bonds (4). Therefore, under 
thermal conditions, ring closure will be conrotatory. 


The substituents point in opposite directions, and conrotatory ring closure of such substituents will 
cause them to be trans in the ring-closed product. 


Copyright © 2017 Pearson Education, Inc. 


850 


п. 


12. 


Chapter 28 


c. Under photochemical conditions, a compound with four conjugated 7r bonds undergoes disrotatory 
ring closure. 


d. Because ring closure is disrotatory and the substituents point in opposite directions, the product will 
have the cis configuration. 


а. correct b. correct с. correct 
1. a. conrotatory b. trans 2. a. disrotatory b. cis 


Solved in the text. 


The reaction of maleic anhydride with 1,3-butadiene involves three 7r bonds in the reacting system. 
Such a reaction under thermal conditions involves suprafacial ring closure. 


О 
Z 
О 
SQ 
1,3-butadiene O 


The reaction of maleic anhydride with ethylene involves two т bonds in the reacting system, and such 
a reaction under thermal conditions involves antarafacial ring closure, which cannot occur with a four- 
membered ring. 


О 


| о 


ethene 
О 


Because we are dealing with formation of a small ring, ring closure must be suprafacial. Under 
photochemical conditions, suprafacial ring closure requires an even number of zr bonds in the reacting 
system. Therefore, a concerted reaction will occur but it will use only one of the 7r bonds of 1,3-butadiene. 


О О 
CH=CH 
CH;—CH —CH hv 
| + € 
CH; 
a. 1. [1,7] sigmatropic rearrangement 3. [5,5] sigmatropic rearrangement 
2. [1,5] sigmatropic rearrangement 4. [3,3] sigmatropic rearrangement 
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СН» D. CH, СН» СН» 
2. D CH; 
| A 


Е е 
AZ 
о x 
tautomerization 
Oh. = ===> 
H 


Ho ~ 
CH; 


a. and b. 


fo. O OH 
tautomerization 
Mc “4с С 


If а nondeuterated reactant had been used, the product would be identical to the reactant. Therefore, the 
rearrangement would not have been detectable. 


A suprafacial rearrangement can take place under photochemical conditions if there are an even number of 
electrons in the reacting system. Therefore, a 1,3-hydrogen shift occurs involving four electrons. 


CD; 


a [1,3] sigmatropic 
migration of deuterium 


A suprafacial rearrangement can take place under thermal conditions if an odd number of electrons are in 
the reacting system. Therefore, a 1,5-hydrogen shift occurs involving six electrons. 


a.C 
У = NN per? 


a [1,5] sigmatropic 
migration of deuterium 
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16. Solved in the text. 


17. [1,3] Sigmatropic migrations of hydrogen cannot occur under thermal conditions because the four- 
membered transition state does not allow the required antarafacial rearrangement. 


[1,3] Sigmatropic migrations of carbon can occur under thermal conditions because carbon can achieve the 
required antarafacial rearrangement by using both lobes of its p orbital when it migrates. 


18. a. Because 1,3-migration of carbon requires carbon to migrate using both lobes of its p orbital (it involves 
an even number of pairs of electrons, so it takes place by an antarafacial pathway), migration occurs 
with inversion of configuration. 


b. Because 1,5-migration of carbon requires carbon to migrate using only one lobe of its p orbital (it involves 
an odd number of pairs of electrons, so it takes place by a suprafacial pathway), migration occurs with 
retention of configuration. 


19. Because the [1,7] sigmatropic rearrangement takes place under thermal conditions and involves an even 
number (4) of pairs of electrons, migration of hydrogen involves antarafacial rearrangement. Because the 
cyclic transition state involves eight ring atoms, antarafacial rearrangement is possible. 


20. Because the reactant (provitamin D3) has ап odd number (3) of conjugated т bonds and reacts under 
photochemical conditions, ring closure is conrotatory. The methyl and hydrogen substituents point in 
opposite directions in provitamin Оз. Conrotatory ring closure causes substituents that point in opposite 
directions in the reactant to be trans in the product. 


21. Chorismate mutase catalyzes a [3,3] sigmatropic Claisen rearrangement. 


|| 
700C, ,CH,CCOO- 


HO Н 


22. Were you able to convince yourself that TE-AC is valid? 


23. а en E (Y^ 
“© Б = Др 


H4C CH; 
C. НзС СН; А N 
ul" Le i2 Н 
S l2 H CH; 
H H 


Copyright О 2017 Pearson Education, Inc. 


Chapter 28 853 


Because the compound has ап odd number of т bonds, it undergoes disrotatory ring closure under thermal 
conditions and conrotatory ring closure under photochemical conditions. 


In the compounds in which the two methyl substituents point in opposite directions, the substituents will 
be cis in the ring-closed product when ring closure is disrotatory and trans in the ring-closed product when 
ring closure is conrotatory. 


In the compounds in which the two methyl substituents point in the same direction, the substituents will 
be trans in the ring-closed product when ring closure is disrotatory and cis in the ring-closed product when 
ring closure is conrotatory. 


a CHCH; c CHCH;  CH;CH, 
. е т 
CH;CH; “CHCH; CHCH” 
b CHCH; CH3CH) d CHCH; 
+ 
“CHCH; СЊСНУ CH4CH; 
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25. The hydrogens that end up at the ring juncture in the first reaction point in opposite directions in the (t^ 


reactant. Because ring closure is disrotatory (odd number of 7 bonds, thermal conditions), the hydrogens 
in the ring-closed product are cis. (See Table 28.2 on page 1224 of the text.) 


O- ch 


In the second example, the hydrogens that end up at the ring juncture point in the same direction in the 
reactant. Ring closure is still disrotatory, so the hydrogens in the ring-closed product are trans. 


27. The first step is similar to a Cope rearrangement; the second step is tautomerization of the enol. 


OH O 
Б Со ~ Со 
Ф2 


28. 1. Because the compound has an even number of 7 bonds, it undergoes conrotatory ring closure under 
thermal conditions and disrotatory ring closure under photochemical conditions. Because the two 
methyl substituents point in opposite directions, they will be trans in the ring-closed product when ring 
closure is conrotatory and cis in the ring-closed product when ring closure is disrotatory. 


Ww Z7 
NA CH; CH3 


2. Because the compound has an even number of 7 bonds, it will undergo conrotatory ring closure under 
thermal conditions and disrotatory ring closure under photochemical conditions. Because the two 
methyl substituents point in the same direction, they will be cis in the ring-closed product when ring fom 
closure is conrotatory and trans in the ring-closed product when ring closure is disrotatory. 
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a Г “03 А CH; 
H3C — 
Ww 7 CH; 
b Му ев » CH; 
H3C — + 
Ww G "СНз 
29. а. G S) ћу 22 
Su. 
b. Z3 CH; A CH; 
с CH; CH; 
R" 
с С С ^ OH 
д 
O 
Aw uU 
H 
О 
а. с j А 
~ o 
H 
CH; CH; СН» 
е О AD А (X О tautomerization OH 
i „2 
LH 
H;C H;C 
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30. а. This is a [1,5] sigmatropic rearrangement, so it can take place by a concerted mechanism under ther- 
mal conditions. 


b. This is a [1,3] sigmatropic rearrangement, so it can take place by a concerted mechanism under photo- 


chemical conditions. 
H, CH, 
CX = CY 
H 


31. At first glance, it is surprising that the isomerization of Dewar benzene (a highly-strained and unstable 
molecule) to benzene (a stable aromatic compound) is so slow. However, the isomerization requires 
conrotatory ring opening, which is symmetry forbidden under thermal conditions. The reaction, therefore, 
cannot take place by a concerted pathway and must take place by a much slower stepwise process. 


32. B is the product. Because the reaction is a [1,3] sigmatropic rearrangement, antarafacial ring closure is 
required. Carbon, therefore, must migrate using both lobes of its p orbital. This means that the configura- 
tion of the migrating carbon will undergo inversion. The configuration of the migrating carbon has been 
inverted in B (the H's are cis to each other but were trans to each other in the reactant) and retained in A. 


CH4CO 


О О 
H H || | 
ОССНз ОССНз 
2. НН DH 
© (н 
the H’s are trans retention inversion 
to each other A B 
the H’s are trans the H’s are cis 
to each other to each other 


33. Hydrogen cannot undergo a [1,3] sigmatropic rearrangement, because it cannot migrate by an antarafacial 
pathway that is required for a sigmatropic rearrangement involving an even number of pairs of electrons 
under thermal conditions. Carbon can undergo a [1,3] sigmatropic rearrangement because it can migrate by 
a suprafacial pathway if it uses both lobes of its p orbital. Therefore, the first compound can undergo only 
a 1,3-methyl group migration. 


H H 
aH НзС P 


CH; 
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The second compound can undergo the 1,3-methyl group migration that the first compound undergoes, and 
the sec-butyl group can also undergo a [1,3] sigmatropic rearrangement. The migrating sec-butyl] group 
will have its configuration inverted due to the antarafacial nature of the rearrangement. 


CH,CH3 CH;CH; 
n E H + CH 
1,3-sec-butyl wil 1,3-methyl НС wH 
group migration \ group migration \ 
Н.С H3C 
H CH 
3C 3 CH; 


An infrared absorption band is indicative of a carbonyl group. A [3,3] sigmatropic rearrangement of the 
reactant leads to a compound with two enolic groups. Tautomerization of the enols results in keto groups. 
The keto carbonyl groups give the absorbance at 1715 ст !. 


СН» 
Е: ОН tautomerization || | 
—— ———— ——-  CH3CCH5;CH;CH5CH;CCH; 
zx ОН 
CH3 


The reaction is a [1,7] sigmatropic rearrangement. Because the reaction involves four pairs of electrons, 
antarafacial rearrangement occurs. Therefore, when H migrates, because it is above the plane of the reactant 
molecule, it ends up below the plane of the product molecule. When D migrates, because it is below the 
plane of the reactant molecule, it ends up above the plane of the product molecule. 
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36. о о 
^l | 
КОБОЕ ы US < 
| CH; / ‘0° ‘cH; — | — | ^ 
ZA „7 „7 
N^ "CH N^ “сн, N^ cua P 
|_ | CH3 
:0: ОМ су Q«. Js 
T OAs | о сн 
3 
Gor i + Ncl 
О | 


О о „СНз 
| 
О 
КА О Ss OH SS 
37. a. У) e ow 
[3,3] tautomerization 
—— H ——— 
e о ~ он ~ 
ь RE i 
[3.3] tautomerization 
Le H д 
o О OH 
: 3 (сн 
| | [5,5] tautomerization 
| к= ——— = 
TF CH, 
EN A 
N 
Oo ~ | О ОН 
4 У (сн 
| [5,5] tautomerization 
| к=” жк 
CY сн, 
PA РА 


\ 
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40. 


Сһарїег 28 859 


“СНз 


СН» 


Disrotatory ring closure of (2E,4Z,6Z)-octatriene leads to the trans isomer, which can exist as a pair of 
enantiomers. One enantiomer is formed if the "top lobes" of the p orbitals rotate toward each other, and the 
other enantiomer is formed if the "bottom lobes" of the p orbitals rotate toward each other. 


СН» 
о СН» „^СН» 
Н А » E 

CH io 
-Sy у ‘CH; CH; 
H 


(2E, 4Z, 6Z)-octatriene 


In contrast, disrotatory ring closure of (2E,4Z,6£)-octatriene leads to the cis isomer, which is a meso 
compound and, consequently, does not have a nonsuperimposable mirror image. Therefore, the same 
compound is formed from the “top lobes” of the p orbitals rotating toward each other and from the “bottom 
lobes” of the p orbitals rotating toward each other. 


СН» 

5 СН; 
H A 
H 

= СН» 
СН» 


(2E, 42, 6E)-octatriene 
Under thermal conditions, a compound with two 7r bonds undergoes conrotatory ring closure. Conrotatory 
ring closure that results in a ring-closed compound with the substituents cis to each other requires that the 


substituents point in the same direction in the reactant. Therefore, the product with the methyl substituents 
pointing in the same direction is obtained in 99% yield. 


"uud Ре Lad 


| 1% 99% 


Methyl groups point in opposite directions. Methyl groups point in the same directions. 
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41. Because the reactant has two т bonds, electrocyclic ring closure is conrotatory. Two different 
compounds, X and Y, can be formed because conrotatory ring closure can occur in either a clockwise or 
counterclockwise direction. 


f / both clockwise Сен; SL Loe 


) ; 3 Ср» 
СНз C6H5 x 
И / both counterclockwise СН: EN 
СН; ср >, CH 
Coe. с. | a ү C6H5 


Each of the compounds (X and Y) can undergo a conrotatory ring-opening reaction in either a clockwise 
or counterclockwise direction to form either A or B. A and B are the only isomers that can be formed; 
formation of C and D requires disrotatory ring closure. 


C6H5 СН» — A / 
СН» СеН; 


CH 
x e Сене CD; 
X B 
Се у Los QE f / 
C6H5 
CH | e 
чаны ЄР» CH, Cds ° 
X A 
CH; VE — / / 
CoH 
CoH oHs CD; 
Y A 
CH; AE / d 
CH 7 А 
CH 3 сен 
227 аЬ Сене CD ^^ 
Y B 


Copyright € 2017 Pearson Education, Inc. 


42. 


43. 


Chapter 28 861 


O 
‚| 
H3C > a | Н.С CH; 
8 D 
Claisen Cope 
теагт angement 2 >> теагг шен 


tautomerization 


OH 
‚С CH; 
Za 


Because the compounds that undergo ring closure to give A and B have two т bonds, ring opening of A 
and B under thermal conditions is conrotatory. Because the hydrogens in A and B are cis, they must point 
in the same direction in the ring-opened product. To have the two hydrogens pointing in the same direction, 
one of the double bonds in the ring-opened compound must be cis and the other must be trans. 


An eight-membered ring is too small to accommodate conjugated double bonds with one cis and the other 
trans, so A will not be able to undergo a ring-opening reaction under thermal conditions. A 10-membered 
ring can accommodate a trans double bond, so B is able to undergo a ring-opening reaction under thermal 


conditions. 


Both double bonds are cis. 


H 
CX Y cis double bond 


trans double bond B 
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44. The compound undergoes а 1,5-hydrogen shift of D or a 1,5-hydrogen shift of Н. In each case, ап unstable 
nonaromatic intermediate is formed that undergoes a subsequent 1,5-hydrogen shift to form an aromatic 


product. 
H D 
1,5]-shif D 1,5 
CE, [1.5]-shift Cx [1,5] Фе 7 
A H 
попагота с аготайс 
D H D D 
CES [1,5]-shift CY [1,5] Фе 
E H 
nonaromatic aromatic 


45. Because the ring-opened compound formed in the first step has three conjugated т bonds involved in an 
electrocyclic reaction, conrotatory ring opening of the reactant will occur under photochemical conditions, 
and the trans hydrogens in the reactant require that the hydrogens point in the opposite direction in the 
ring-opened compound. Thermal electrocyclic ring closure of a three т bond system is disrotatory in step 
two, and disrotatory ring closure of a compound with hydrogens that point in opposite directions will cause 
those hydrogens to be cis in the ring-closed product. 


H 
1 co 
H 


46. A Diels-Alder reaction is followed by a reverse Diels-Alder reaction that eliminates СО. Loss of a 
stable gas molecule (СО) and formation of a stable aromatic product provide the driving force for the 
second step. 


О 
СОСН; | 
“чүге? | i О СОСН; а 
CI — дате — СХ 
| СОСНз CO2CH3 
+ CO, 
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10. 


Chapter 28 


Chapter 28 Practice Test 


How many molecule orbitals does 1,3,5-hexatriene produce? 
Which of the molecular orbitals of 1,3,5-hexatriene are symmetric? 
Which of the molecular orbitals of 1,3,5-hexatriene are antisymmetric? 


Which are bonding molecular orbitals? 


A compound with three double bonds undergoes ring closure under thermal conditions. 
A compound with two double bonds undergoes ring closure under photochemical conditions. 
A compound with three pairs of electrons in the reacting system undergoes rearrangement 


under thermal conditions. 


A compound with two pairs of electrons in the reacting system undergoes rearrangement 
under photochemical conditions. 


[1,5] Sigmatropic hydrogen migration involves pairs of electrons. 


A [2+2] cycloaddition reaction occurs only under conditions. 
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Answers to Chapter 1 Practice Test 


а. acarbon-fluorine bond c. acarbon-hydrogen bond in ethane 


b. one d. the bond angle in ammonia 
:0 
"CH, "CH, ‘CH; 3. Н:О:С:0? 


Sp 5р sp” 


СЊСЉ бк CH3C] H,C=O Ө 5. *NH, 


а. ТСН, b. Н: с. :Вг. d. CH,CH, 


CH;CH,CH,CH=CH, or CH;CH,CH=CHCH; ог CH;CHCH= CH; 


CH; 
Sp „5р sp2-sp? 0, 5р „5р2 
ei | > ( 
CH3CH)C=N снус=нсн, CH3CCH; о=<с=0 
CH3 sp? 
а. 152 25 2p,2p, b. 1s? 2s 2p, 2p, 2p, c. 152 25р? 2sp? 25р? 25р? 
а. 109.5° b. 180° с. 120° 4. 104.5° 


HCOH . HCEN CH;0CH; CH;CH=CH, 

sp? Sp sp? sp? 
А pi bond is stronger than a sigma bond. 
A triple bond is shorter than a double bond. 
с. The oxygen-hydrogen bonds in water are formed by the 

overlap of an sp? orbital of oxygen with an s orbital of hydrogen. 

d. A double bond is stronger than a single bond. 
e. A tetrahedral carbon has bond angles of 107.5°. 


тр 


Answers to Chapter 2 Practice Test 


Cl 
a. CH;CHCH;OH b. HI c. CH4CCH;OH d. 


F Cl 
a. CH,CH,NH, ~ 


b. Е 
| 
865 
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866 Answers 
4.  CH,COO CH,CH,OH CHOH  CH;CH,NH; 


5. а. CH3;3NH, + Но == CH3NH; * HO b. reactants 
6. а. NH b. "NH, 

7. 62 

8. а. CHOH + *NH, === сњаон + NH b. reactants 
9. between 8 and 9 


10. CH,CH,OH CH,CH,NH,  CH,CH,SH  CH;CH,CH; 
2 3 1 4 


11. formic acid/sodium formate 


12. a. HO is a stronger base than NH3. F 
b. A Lewis acid is a compound that accepts a share in a pair of electrons. T 
с. CH;CH, is more acidic than HC — CH». F 
d. The weaker the acid, the more stable the conjugate base. F 
e. The larger the pK, the weaker the acid. T 
f. The weaker the base, the more stable it is. T 
Answers to Chapter 3 Practice Test 
1. a. 3-methyloctane b. 2-methyl-1-heptanol c. 3-octanol 
CHCH; 
2. a. СН»СН» b. CH;CH; CH;CH; c. CHCH, H 
H H 
H H H 
H H Н, H H 
CH3CH; 
3. a. sec-butyl chloride, 2-chlorobutane c. cyclopentyl bromide, bromocyclopentane 
b. isohexyl alcohol, 4-methyl-1-pentanol 
4. а. CH4CH;CH;CH;CH?Br CH4CH;CH?Br CH4CH;CH;CHjBr 
1 3 2 
b. CH3;CH,CH,CH,CH; CH,CH,CH,CH,OH CH;CH,CH,CH,C1 
3 1 2 
CH; CH; 
с. сеш CH4CH;CH;CH;CH;CH;CH;CH,; © CH3;CHCH,CH,CH2CH,CH; 
CH; CH; 1 CH, 2 
3 
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a. 
b. 


Answers 867 


6-methyl-3-heptanol с. l-bromo-3-methylcyclopentane 
3-ethoxyheptane d. 1,4-dichloro-5-methylheptane 
H 
CH; 
Br 


cis-1-isopropyl-3-methylcyclohexane 


a. butyl alcohol c. hexane e. ethyl alcohol 
b. 1-butanol d. pentylamine 
a. isopentyl bromide b. isopentyl alcohol c. isopentylamine 
1-bromo-3-methylbutane 3-methyl-1-butanol 3-methyl-1-butanamine 
a. CHCH;CH; b. LC CHCH;CH; 
| CH3CH | 
CH; | СН» 
снн CH3 

CH; 

MN 
с. CHCH 

CHCHICH; 
CH; 

a. CHSCHCHS d. CHsCHCHs e. CH3CH;CH;OH CH3CHOH CH3CH,0CH3 

Br CH; CH; 
b. CH3CH;NHCH; 

сњ CH, СН; 

с. CH;CHCH; or CHsCCHs or CH, ог CHsC— CCHS 

СН» СН» CH, CH; 
а. 2,5-dimethylheptane d. 4-bromo-2-chloro-1-methylcyclohexane 
b. 7-bromo-2-heptanol e. l-butoxy-2-methylpentane 
c. 2-chloro-4-heptanol f. 3-methyl-N-propyl-1-pentanamine 
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Answers to Chapter 4 Practice Test 


1. a. a pair of enantiomers b. a pair of enantiomers 


iis 
4. H Cl 5. — СЊСЊСЊСЊС сен НО ВЕС сњесн 
H Cl Cl CH; СІ 
CH; 


а. 2 b. 2 
7. a. Nd m "T ^" OH "—L с 


b. CH; CH; CH; CH; 
H Br Вг н H вг Вг H 
H Br Вг H В H H Br 
CHCH; CHCH; CHCH; CHCH; 


Br 


or 
Br Br B 
or 


Br r 


CH; CH3CH? CHCH) CH; CH; CH2CH3 CH3CH, CH; 
с. no stereoisomers 


CH,CH; CH,CH; 


а а 
а. на а—-н ог dii: d ов dd 


CH;CH;CI CH,CH;CI Cl Cl 


or 


— C 


РА d ' ч 
СІСН,СН; M H / CH,CH,Cl 
С 


в OH HO Br Br он HO Br 
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HO, „ОН 
8 н CH 
HOOC CH; 


10. —16 сњ єн; 
BrCH CH BrCH CH;CH CH3CH CH CH3CH СН»СН 
ч 2 уз ч 2 uus 3 | ui 3 ез 
11. a. с=с с=с b. с=с с=с 
/ \ / \ / \ 
CH; CHCH; CH; CH3 СН» CHCH; CH3 CH3 
E Z E Z 
H СН,СН,Вг тв СВ: 
12. cie, —— CH; CH3CH> СН; MS C NS C 
| сњо“ / ~сњсњ © и “CH=CH, 
r Br 
13. a. identical 
9н CH3 
b. С... 'H с. H CI d. 1. 
. ог 
CHCH; CI "Cl Cr CI 
CH;CH; 
2 CH; CH; 
HO H or H OH 
H Br Br H 
СН» СН» 
14. а. Diastereomers have the same melting points. 


b. 3-Chloro-2,3-dimethylpentane has two asymmetric centers. 

с. Meso compounds do not rotate the plane of polarization of plane-polarized light. 

d. 2,3-Dichloropentane has a stereoisomer that is a meso compound. 

e. All compounds with the R configuration are dextrorotatory. 

f. А compound with three asymmetric centers can have a maximum of nine stereoisomers. 


"Tj. "Tj Nm = 


15. CH; CHZCHCH —CHCH; and СЊСЊСН ннен; 
СН; Вг 
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Answers 


Answers to Chapter 5 Practice Test 


чы 


а. 4-methyl-1-hexene 7-methyl-3-nonene 


е. 


b. 4-bromocyclopentene . 4-chloro-3-methylcyclohexene 


СН» : aoc ,H 
a. Д » =O 
H СН» 


а. 2-pentene с. 3-methyl-2-pentene 


b. 3-тету!-1-ћехепе d. 1-methylcyclohexene 


TI 


Increasing the energy of activation increases the rate of the reaction. 
Decreasing the entropy of the products compared to the entropy of the reactants 
makes the equilibrium constant more favorable. 

An exergonic reaction is one with a — ДО". 

. An alkene is an electrophile. 

The higher the energy of activation, the more slowly the reaction takes place. 
Another name for trans-2-butene is (Z)-2-butene. 

A reaction with a negative AG? has an equilibrium constant greater than one. 

. Increasing the free energy of the reactants increases the rate of the reaction. 
Increasing the free energy of the products increases the rate of the reaction. 
The magnitude of a rate constant is not dependent on the concentration of the reactants. 
2,3-Dimethyl-2-pentene is more stable than 3,4-dimethyl-2-pentene. 


DP 
-Jauddmadmauadm 


ОЈ Ao ge гово 


p 


CH;—CHCH;OH с. СИЗСН» | ,CH;CH;CHs 
с=с 
Иза 


Н H 


b. ol d. CH,—CHBr 
CH 


3 
5 8. сњснҳсњ + WAG === CH;CH—CH; + СЕ — CHOC CH 
o с :С1: 


a negative AH”, a positive Д5°, a high temperature 


а. 4 kcal/mol b. 35°C с. one reactant forms two products 


Free energy 


———áá— n я 
Progress of the reaction 


Copyright © 2017 Pearson Education, Inc. 


СН» 
а. CH3CCH; 


CH4CH;CH;CH — CH; 
CH; 
а. CH4CCH;CH, 
be 
CH; 
b. CH4CCH;CH; 
à 


о 


CH3CH;CHCH;CI 
би 
CH; 
а. CH, HCHCH, 
би 
CH; 
а. CH;CCH=CH, 
m 


CH; 
CH3CH;CHCHCH; 


Answers to Chapter 6 Practice Test 


b. CH,CH,CHCH; 


Г 
9. сње— CHCH; 
Вг СН» 


lan 
е. CH;CH—CH, 


t В -CH)CH,CH,OH 


СН»СН»З 


b. OH 


p 


OH 


CH; 
Q 
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с. СЊСЊСЊ 


Ho CH3 
PIC CESCCHICH; c. 
CH; 


l. К2ВН(ог _1- В2ВН(ог ВНУ/ТНЕ _ 


Answers 


- OF 
=.” 
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872 Answers 


The addition of Вг to 1-butene to form 1,2-dibromobutane is a concerted reaction. 
The reaction of 1-butene with НСІ forms 1-chlorobutane as the major product. 
The reaction of HBr with 3-methylcyclohexene is more highly regioselective 

than is the reaction of HBr with 1-methylcyclohexene. 

d. The reaction of an alkene with a carboxylic acid forms an epoxide. 

e. A catalyst increases the equilibrium constant of a reaction. 

f. The addition of HBr to 3-methyl-2-pentene is a stereospecific reaction. 

5 

ћ 


ср 
n" 


о 


. The addition of HBr to 3-methyl-2-pentene is a stereoselective reaction. 
. The addition of HBr to 3-methyl-2-pentene is a regioselective reaction. 


пп Ti т 


CI CI СН»СН» 


8$. а. снусн›—}—сн, + cH} crc с. Н Вг ` 
H 


H H Br 


Br Br 
b. сњењсн—— СН» + СН» J4- CH,CH2CH3 d. CHCH; CHCH; 


H H H Br Br H 
+ CH;CH,CHCHICH, H Br Br H 


Br 


CH;CH;CH; 


Br CH,CH3 СН»СН» Вг 


Answers to Chapter 7 Practice Test 


1. а. 1. В,ВН/ТНЕ 2. НО", H;O;, H,O 
b. H,/Lindlar catalyst 


2. а. O b. AY e p 


CH; 
3. a.  CH,CH;CHCZECCH;CHCH, b. 

| | 

СН» СН» 


4. а. A terminal alkyne is more stable than an internal alkyne. 
b. Propyne is more reactive than propene toward reaction with HBr. 
c. 1-Вшупе is more acidic than 1-butene. 


тт 
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d. An sp? carbon is more electronegative than an sp? carbon. T 
e. The reactions of internal alkynes are more regioselective than the reactions 

of terminal alkynes. F 
f. Alkenes are more reactive than alkynes. T 
а. l-bromo-5-methyl-3-hexyne b. 5-methyl-3-hexyn-1-ol 
a. CH;CH,CH»C=CH b. CH3;CH,C=CCH,»CH; 
NH, CH3=CH CH;3CH; НО CH3;CH=CH) 

3 2 5 1 4 
CH, 
[| 
СЊСЊСЊССЊСН О 
a. CH;CH,C=CH СН»СН»СН»СН»СН»СН» 
" " 
CH3CHjB 

CH,CH,C=C — >", X CH,CH;CECCH;CH 

b. CH;CH,C=CH CH;CH;CH;CHCH;CH; 
| Br 
1l." NH; 
| и а H,/Lindlar catalyst |н 
ог 
Ма, NH;(liq), -78 °С 
CH;CH,C=CCH,CH; | ——— — ——- . CH34CH;CH— CHCH;CH; 
| 
с. CH3;CH,C=CH СНЗзСН»ССН»СН›»СН» 
| МН» mol #8504 
СНС 
сњењсес- -Er сњењс=ссњснњ, 
Answers to Chapter 8 Practice Test 
| А | 
+ _ | CHCH; 
a. CH, c. CH3CHCCH; e. CY 
b. CHCHC CH d. CH,—CHCH, 
.. == + 

а. CH;CH=CH—OCH; -——- CH,;CH—CH=OCH; 
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Answers 


b. CH;CH=CH—CH=CH—CH, =—= CHyCH=CH—CH—CH=CH) 


CH,;CH—CH=CH—CH=CH, 
o- 
с. eh Е ——- ее — он 
СН» 
СН3ССН;СН==СН;  CH;—CHCH;CH—CH, CH;CH)NHCH,CH=CHCH; + 


Вг 
Вг Вг 
‘Oe ПОЛА 
Вг 


О 
О [| 


1 i CCH; 
L у ЖШ LY у Хо 
сну“ № СН» CH; CH; ссн, 


О 


О 
| |. CH, 
CH;COH and  CH,C—ÓH 6. 7^ 
CH, 
CH, 2 


а. ( Ym, b. {ею 
.. + + “= + .. 
| eon Су on Pa С 
+ 


b. p u cy" 
c. ee @ 7 one Cre CY 
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12. 


13. 


14. 


15. 


Answers 


a. A compound with four conjugated double bonds has four molecular orbitals. 

b. y, and у, are symmetric molecular orbitals. 

If уз is the HOMO in the ground state, уд will be the HOMO in the excited state. 

з is the LUMO, у. will be the HOMO. 

e. If the ground-state HOMO is symmetric, the ground-state LUMO will be antisymmetric. 


a © 


г 


A single bond formed by ап sp?—sp? overlap is longer than а single bond formed by an 
sp^—sp? overlap. 


8. Thethermodynamically controlled product is the major product obtained when the 
reaction is carried out under mild conditions. 


h. 1,3-Hexadiene is more stable than 1,4-hexadiene. 
CH; CH, Br CH; Br CH; 
CH;C—C=CHCH,; CH3;C=C— ea, CH;—C-—CCH;CH; — = CCH;CH4 
Br CH; M % M 
CH; 
Г 
EN 


CH; 


+ 
CH;CH=CHĖCH; > CH;CH=CHCHCH; > CH;CH=CHCH, > CH4CH-— CHCH;CH; 


СН» 
CH; CH; CH; 
a. b. 
OS OF 
12 14 CI CI 
Bi т COOH 
THO HO Br ot 
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т 
17. а. CH=CH— сњ 
Cl 
product of kinetic control 
b. CH3 Br 
product of kinetic control 
"УС 
+ ра 
| 
20. а. | — ОН 


| 
О 


Va 
da 


[t 
2. а. СЊСЊСНВг 
3. а. CY 
CH, 
d. CH; 


H gases” С 


N 
CH,NH CH2CH3 


СНСН›СН» 


т 
Те — CH,=C— СН; 


Cl 
product of thermodynamic control 


CH3 


Br 
product of thermodynamic control 


19. 


Answers to Chapter 9 Practice Test 


Br 
b. CHCH = СНСНСН; 


Снн, THICH; CH; 
Сун Н ME HO H 
b. ОСН; CH30 с. CH,CH; 
R 


+ CH3CHCH = CH; 
ОСН; 
Капа 5 


е. CH;CH=CHCH,OCH; 
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a. Increasing the concentration of the nucleophile favors ап Sy1 reaction over ап Sy2 reaction. F 
b. Ethyl iodide is more reactive than ethyl chloride in an Sy2 reaction. T 
с. In an Sy! reaction, the product with the retained configuration is obtained in greater yield. F 
d. The rate of a substitution reaction in which none of the reactants is charged will increase 
if the polarity of the solvent is increased. T 
e. Ап Sy2 reaction is a two-step reaction. F 
f. The pK, of a carboxylic acid is greater in water than it is in a less polar solvent. F 
2. 4-Bromo-1-butanol forms a cyclic ether faster than does 3-bromo-1-propanol. T 
а. СЊО“ b. СН;57 
а. CH;CH,CH,Cl + НО" с. СЊСЊСЊВг + НО" е. BrCH,CH,CH,CH,NHCH, 
- СНзО- 
b. СЊСЊСЊГ + HO д. CH,CHCHs СНОН 
Вг 
All are aprotic solvents except ethanol. 
a. The rate of the reaction would increase. d. The pK, would decrease. 
b. The rate of the reaction would increase. e. The pK, would decrease. 
c. The rate of the reaction would decrease. 
I. 
а. / \- CH,CHCH; b. CH;—CHCH,CHCH, 10. СНСНВг 
| Вг 

OCH; нс H WC, „СН, 
ciem en, С=С. С=С, 

H H CH; 

major minor 

i 
a. CHCA EO" + CH3CH;CHjBr b. ( у» + ( У с. CH3;CH,CH,O° + CH3Br 

CH; 

[^ 
а. и + HO c. CH3;CH,CH,Br + НО е. сета + HO 
Cl Br 
_ СНзО- 
b. CH;CH;CH,I + HO d. CHSCHCHs СНОН 
Вг 


Copyright © 2017 Pearson Education, Inc. 


878 


14. 


15. 


Answers 


a. № b. b \ с. SA d. Ww 


cis-1-bromo-2-methylcyclohexane 


Answers to Chapter 10 Practice Test 


HBr 2. SOCI, 
CH;CH; CH2CH3 
а. HOCH;CCH;CHs b. йб о. 
ай, on 
CH; CH; | 
а. CH, HCH + CH,—CHCH,CH, b. dac d. c. "о 
T 
СН» СН» 
а. сњсњі=ссн, b. сн,снусн,с=сен, с. CH;CH,CH=CHCH; d. o 
сн, cii 


c. will form both trans and cis but more trans. 


a. Tertiary alcohols are easier to dehydrate than secondary alcohols. 

b. Alcohols are more acidic than thiols. 

c. Alcohols have higher boiling points than thiols. 

d. The acid-catalyzed dehydration of a primary alcohol is an 5,1 reaction. 
e. The Hofmann elimination reaction is an E2 reaction. 


СН» 


| 
a. ст + CHOH b. OH + ICH, 


CH; 


a. CH3CH;CH;NH CHCH; b. CH3CH5CH;CI 


с. CH;CH,CH,CH=CHCH; + CH;CH,CH—=CHCH,CH; 


О 


О 
|| || 
С С 


oN Z N 
d. СН»СН»СН» Н e. СН»СН»СН» OH 
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Answers to Chapter 11 Practice Test 


an organocadmium compound 


a. CH=CH, + “~~~ 


‚ CH=CH, + (9 
с. СН›=СН, + @ 


=" 


Answers 879 


H CH H CH 
Nu. 4 : (CH;CH,),CuLi М. у 
а. с=с —— с=с 
7 b Et,O 7 N 
H Br H CH;CH; 
А 
b. CHOH һр, СНәВг ‚|, СН, Сал 1, њс—ењ, (CH2)30H 
pyridine 2. Cul 2. НСІ 
2 
a. CH3,CH,CH,CH,CH,OH b. O 
Br 
WN Br -— ы. Aww Bt Cy 
Br 
NH, 
а. 1. ЊУ Ау. + ONC 2. + 
О 
Вг МН dL; 
27 2 МЕР sta, 
b. 1 A + B(OR, —— 
Br 
2 + вов PdL, 
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10. а zb Фени 


О 
11 Pr SA = 
| CY + ~ Н — (CH,CH,CH)),N 


1. а. 4 b. 4 


Answers to Chapter 12 Practice Test 


5 d. 4 е. 3 


2. CHCH; + а —> CH,CH, + НСІ 


3. СН» СН» 
Вг H Br 
H Br Br 
CH;CH5 


4. CH;CH; + СІ. —> CHj4CH, + HCl 
CH4CH; + Cl —- CH;CH,Cl + CI- 


5. _ CH;CH;CH;CH—CH 
3 
CH;CH;CHCH — CH 
4 


CH, СН,Вг 
дане, 


Вг 


CH, CH; 

7. a. CH4CCH;CH;CHCH, 
а 

CH, CH; 

CHLCH CH LCH, 

m h 

CH, С 

b. CH3CCH,CH,CHCH; 
CH;CI 


CHCH; 


AH? = 101 – 103 = —2 kcal/mol 
AH? = 58 – 85 = -27 kcal/mol 
CH4CH;CHCH — CH; 

1 


CH3CHCH;CH — CH; 
2 


Br 
(9 T5 T Ts 
СНС — CHCH;CHCH; CH;CCH:CHCHCH 
CH; Cl CH; Cl 
Do To 
CHSCCHIUBCHCHCI 
СНз 
CH; CH 


| | 
с. CHSCCHRCHDE CHS 
CH; Br 
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b. CHC HCH =СН + CH3;CH=CHCH2Br 


10. 


23% 
CH; 

а. ссе 
br 
CH; 

b. сњенснсњо, 


Вг 

b 

А 
а. Н 

~2770 ст“! 
О 
д 
NH; 
~3300 cm! 


c. CH;,CH,CH,CH,OH 
~ 3600-3200 стг! 


OH 


Answers 


CH; 

c. eH CHE 
à 
CH; 

d. pence ven. 
à 


Answers to Chapter 13 Practice Test 


О 
е. psc OCH; 


~1050 or ~1250 ст“! 


f. CH;CH,CH=CHCH; CH3;CH,C=CCH; 


~1600 ст“! ~2100 стг! 
~3100 ст“! 


г. CH3CH;C— CH 
~3300 ст“! 


~1380 ст“! 


а. The O—H stretch of a concentrated solution of an alcohol occurs at a higher 
frequency than the O—H stretch of a dilute solution. 

b. Light of 2 nm is of higher energy than light of 3 nm. 

с. It takes more energy for a bending vibration than for a stretching vibration. 

d. Propyne will not have an absorption band at 3100 ст“! because there is no 
change in the dipole moment. 

e. The М + 2 peak of an alkyl chloride is half the height of the M peak. 


CH; 
CH;CH,CCH;CHSCH; 
OH 
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882 Answers 


4. Absorbance = molar absorptivity Х concentration Х length of light path (in cm) 
0.75 = molar absorptivity X 3.8 х 1074 x 1 
molar absorptivity = 2000 M~! ст“! 


~3100 cm"! ~1700 стг! ~1050 cm! 
~1500 cm! 
O О 
Nu 
b H e 
~3100 стг! ~2900 ст“! 
~2700 cm"! ~2900 ст“! ~1380 ст“! 
~1380 ст“! 
О О 
~3300–2500 ст“! ~2900 ст“! 
~1380 ст“! 
~1050 ст“! 
N NH 
2 
6. a. © b. Фа ч с. СТ 
7. absorbance = molar absorbtivity Х concentration Х length of light path (їп cm) 


0.76 = 1200 X concentration 
concentration = 6.3 X 10'^M 


8. £ = 4 with 8 left over СаН)2 = C3HgO CH3CH2CH2OH and Sas 
OH 


9. A bond between a carbon and an atom of similar electronegativity breaks homolytically, whereas a bond 
between a carbon and a more electronegative atom breaks heterolytically. 
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Answers to Chapter 14 Practice Test 


о 
о=0О 


С 
Z N и N 
СН»СН»СН» СН» CH3CH2CHCH2CH3 CH,—CH H 
4 за 4 
Cl 
| Ж 
МО 
у CH,;CHCH,CHCH; 
3 3 3 
Cl 
i i 
CH3C H;CCH3 H NO; 2 С N : 
| | СНСН OCH,CH; ~— triplet 
quartet triplet Кеа ССН2СН2СН2ОСН: 
H H | CH | 
doublet ое" | doublet multiplet 
doublets E. 
H CI CH30GH CH;CH;OCH; BrCH;CH5Br 
quintet singlet 
О О О 
| А 
SN Z N Jy N 
CH3 OCH;CH3 СЊСН OCH; H OCH;CH;CH; 
3 signals 3 signals 4 signals 
The signal at the highest The signal at the highest 
frequency (farthest frequency (farthest 
downfield) is a quartet. downfield) is a singlet. 


a. The signals on the right of an NMR spectrum are deshielded compared to the signals on the left. 
b. Dimethyl ketone has the same number of signals in its ІН NMR spectrum as in its C NMR 
spectrum. 
с. Inthe 'H NMR spectrum of the compound shown below, the lowest-frequency signal 
(the one farthest upfield) is a singlet and the highest-frequency signal (the one farthest 


downfield) is a doublet. 


d. The greater the frequency of the signal, the greater its chemical shift in ppm. 
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Answers 


а. СН»СН»СН»С!1 


triplet 
3 signals 


a. CH3CH;CH;CI 
3 signals 


triplet 


И 
CH; ОСН; 


О 
b. nuns 
singlet 
3 signals 
О 
b. mci бды: 


4 signals 


singlet 


septet 
с. сон; 


Вг 
2 signals 


с. сыно: 


Вг 
2 signals 


doublet 


Answers to Chapter 15 Practice Test 


a. N-ethylpentanamide 


b. 3-methylpentanoic acid 


с. C 
и 
CH; о \ CH; ot Ум 


c. methyl 4-phenylbutanoate 


d. ethanoic propanoic anhydride 


O 
| 
а. 
"A 
CH3CH; О СН»СН» 
О О 
. Jj | 
e FN + НО И + HCl 
СНз а! CH3 OH 
any reaction in which a reactant is cleaved as a result of 
reaction with water 
О 
| + CH;CH,OH a | + CHOH 
с. 
у 312 IN 3 
СН» ОСЊ СНз ОСН2СН: 
О 
а | + — CHNH = : + CHOH 
ЖО NC qoos их : 
CH; OCH3 СН» МНСН» 
О О О О 
Г ~ у сад 
а. е C. . 
CH Хон CH “осн; | CH “мн, CH Хон 
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CH3;CH,CH; ‘OH CH;CH; `OH 


© 


+ CF + CH,CH,NH, 


Answers 


О О 
а | N d : 
; Сү + № yon 
CH,CHÍ “он CH,CHí ~NHCH,CH; 
| | 
b. УК + CH;CH,OH е. С + CH30H 
CH,CHÍ `o- Cy OCH;CH; 
О О 
| i 
с 
е NND Кыл 


CHCH,CHBr -СЕМ- сн,сн,сн;С==М а СНуСН›СН›СН,МН, 


О 
|| 
-с= НСІ, Н›О A cx 
b. CH.CH;CH9Br. СЕМ CH;CH,CH,C=N == CH,CH;CH; `OH 
$ОС!, 
О 
1 1 с | 
“oN 
„с Pl M MN TN 
CH,CH,CH/ “0” "CH, CH,CH;CH; “Cl 
| 
а. y d. CH,CH,CH;NH, 
CH4CH,CH; “`ОСН,СН›СН; 
О О О 
и vw i i 
e + H3NH3 е. 
CH,CH/ “он CHÍ “осн,сн, CHÍ “он 
О 
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Answers to Chapter 16 Practice Test 


da 
1. a. "i d. CH;CH;O OCH;CH; 8. РАНЕ 
ВЕТ + H,O С 
+ НО li 
N 
С) » | 
N | || 
b. + НО е. CH3CH;CCH;CH; ћ. РЦ 
| CH,CHCH; “СН; 
СН» | 
SCH; 
ў ји 
с. P. f. МН; i. CCH;CH;CH; 
H 
CH3CH»CH> O CH5CH;CH; 
| 
2. о 
CH; 
3: а. ethyl 4-hydroxyhexanoate b. 4-oxoheptanal c. 4-formylhexanamide 


CH; 
и 
4. а. #25 NC с. ( У МСНСН; е. ( = NNH 20. 
CH; 


OCH; Е 
b. CH4CH,CH d. CH,CH;CH 

OCH; OCH; 

5. а. butanal b. 2-pentanone 
О 
| 
EN 

6. а. CH3CH,CH,Br — 5 .. CH,CH,CHMgBr —С?— CH,CH;CHí `О- 


SOCI, 


© 
О 


O= 
Q 


СЊСЊОН 
CH,CH,CH/. NOCH,CH; go RUE. CH;CH,CHY ^a 
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| excess T он 
CH 
b 0 3МЕВг. CHSCCH; CH,CCH; 
CH; ‘OCH; | | 
CH; CH; 
| 
с. со, мав p D CH;CH,OH 
CH; ‘Oo ^" 
N 
„7 
о OH а! с” 
а. 1. МАН, SOCI, "CEN 
CY 2. H0 CY pyridine CY CY 
er ice Ti 
О О О О О 
[D] a i 
сну ‘cu’ “осн, CH Хен “сн, CHí “сн, 
2 1 3 
| | 1 
OH 
a. | С b. С С 
CH,C—CH/ "CH, CH/ ‘cu’ “осн; 
О 
| 
Ө CHC Nch; О 
а. С + CO, d. CH, CH. CH; g. С 
хи / 
сн,сн{ “сн; Y | CH3CH;CH;CH; 
О О 
о О 
T7. + 2Br e. Bi 
свснх H 
Br 
(ШИ о 
с. С С f. а Cl 
CH;CH,CHY ‘cH’ “осн, а а 
CHCH; 


Answers 
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| | 
НО“ 
а А ж е | 
2CH,CH; `H CH,CH,CHCH/ `H 
CH, 
| | | 
Ek A = T yes = Px 
2CH,CH; `H CH,CH,CHOH H снзсњсн=с H 
CH3 СН» 
| (ШИ 
1. СЊО- 
с. С б мый С С + CHOH 
2CcH,CHY “осн, 210 сн.сн/ “сн” “осн, 
CH; 
| | 1. CHO" | || 
а. JA. JA Снос. С. 
CHO `СН›СН›СН›СН›СН; осн; 20 ОСН; 
1 | | 
е. AA С енеш: УС. 
СЊСЊО ‘CH; `OCH,CH, 250 (eu CH,cH; `OH 
3. Н*, H20, A 
1 1 | 
LN О." aon PEN 
2. H3 Н,Вг 
сн; “Сн; СОСЊСЊ уд  CHsCH:CH7 “СНз 
| | 
> n Ps ЈЕ JN 
CH;CHCH;CH;CHCH H CH;CHCH;CH;CHGH H 
CH; CH;CH; CH; CH;CHCH; 
CH; 
О 
ОН | ОН || 
ШӨ 9 IN S 
CH,CH,CH;CHCH/ `H CH,CH;CH,CHCH/ `H 
CH;CH; CH,CHCH; 
CH; 
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b. 


а 


а. 


CH;CH,CHY “осн, СН 0 


\ / 
CH4CH;CH;CH;CH; 
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=O 


| 
C 


“осн, 


Answers to Chapter 18 Practice Test 


a. meta-nitrotoluene 
3-nitrotoluene 


b. 1,2,4-tribromobenzene d. para-chlorophenol 


4-chlorophenol 


H 
Br Nee ^ CH3 CHCH; 
O 
4 1 2 
COOH OH *NHs 
8. Q b. Q с. Q 
а! NO, CH; 


a. para-bromonitrobenzene 


с. ortho-ethylbenzoic acid 
2-ethylbenzoic acid 


О 
| 
5 3 
СООН 


dd 


b. para-bromoethylbenzene 


О 
|| Ц 
а У 
CHCH; 0 “ССН: 
ОСОНИИ 4) 
HÓ—NO; + H{ 9504 === HO-—NO; == НЊО + ‘NO, 
NO» | COOH с 
а с. e. 
SO3H NO, 
OCH; 
OCH, OCH; OCH; О 
|| 
b. оба а f CCH; 
+ 
CH; NO; m 
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a. Benzoic acid is more reactive than benzene toward electrophilic aromatic substitution. 
b. para-Chlorobenzoic acid is more acidic than para-methoxybenzoic acid. 
с. A CH=CH, group is a meta director. 


d. para-Nitroaniline is more basic than para-chloroaniline. 


H 


9. 
Y 
+ 


H + 


OS 


Answe h 19 Practi t 


1. а. 2,4-dimethyl pyrrolidine 
2,4-dimethylazacyclopentane 


b. N-methylpiperidine 
N-methylazacyclohexane 


с. 3-ethyltetrahydrofuran 
3-ethyloxacyclopentane 


d. 3-bromopiperidine 
3-bromoazacyclohexane 


пп 3 т 


О 
| 
2 а „С. + CH;CH;NH, СГ d. 22 
CH; “МСНСН; ~ | 
| 
CH; 
OO Q 
о7 “а 
с. Р Вг 
. | 
3. а. „© b A 7 д. 
/ \ 
С) + | К. | N 
^N N H H 
H н 


4-Chloropyridine is more reactive toward nucleophilic aromatic substitution than is 3-chloropyrrole. 
Pyrrole is more reactive toward electrophilic aromatic substitution than is furan. 

Pyrrole is more reactive toward electrophilic aromatic substitution than is benzene. 

Pyridine is more reactive toward electrophilic aromatic substitution than is benzene. 


5, 4 DE A, L ба Qy _1- CH,MgBr | Се 
оно > $ 
он 
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Answers to Chapter 20 Practice Test 


1 a HO. „0 © H 20 P. 
H OH H OH HO H 
HO H HO HO H 
H OH HO H Џ НО Н 
Н ОН Н ОН Н OH 
COOH СЊОН CH,OH 

b OH OH d. HO. Z9 

wo оса, Кыса! Kr 

OCH; 
H OH 
СНОН 


2. a. Glycogen contains a-1,4' and 8-1,6'-glycosidic linkages. F 
b. р-Маппоѕе is a C-1 epimer of D-glucose. F 
c. D-Glucose and L-glucose are anomers. F 
d. D-Erythrose and p-threose are diastereomers. T 
e. Wohl degradations of D-glucose and p-gulose form the same aldopentose. F 
3. е. Z9 e Z9 
HO H H OH 
HO H HO H 
OH H OH 
OH H OH 
CH;OH CH,OH 
4. D-mannose and D-glucose 
5. н О н о 6. р-а озе 
КУЛ wA 
C C СН2ОН 
Н он НО Н О 
H OH H OH Н OH 
CH2CH3 CH2CH3 CH2CH3 


7. Amylose has a-1,4'-glycosidic linkages, whereas cellulose has 8-1,4' -glycosidic linkages. 
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8. 


10. 


Answers 


D-gulose and p-idose 


HO 


a. 


a. alanine, because it is farther away from its pI 


CHOH à 


ОН 
ОН 


НО 


9, p-allose 


Answers to Chapter 21 Practice Test 


=O 
О 


| 
С С 


-07 `сн.сн,сн^ O7 
+NH3 


+ / 
а а `o- 
+ NH3 


E 
SHE O^ 
+ МН» 


Ь. густе 


| 
С С 


*NH; О 


N 
NHCH,CH,CH,CHÁ `o- 


+ NH3 


с. leucine and isoleucine 


d. aspartic acid 
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11. 


12. 


Answers 


The electron-withdrawing protonated amino group causes the carboxy] group of alanine to have 
a lower pKa. 


a. A cigar-shaped protein has a greater percentage of polar residues than a spherical protein. 
b. Naturally occurring amino acids have the L-configuration. 


c. There is free rotation about a peptide bond. 


О О 


[| 
С С 
/ 
-0 ‘сненя—вснюн” `o- 


*NH; +NH3 


a. the sequence of the amino acids and the location of the disulfide bonds in the protein 
b. the three-dimensional arrangement of all the atoms in the protein 


с. a description of the way the subunits of an oligomer are arranged in space 


electrophoresis 
рН = 5 


chromatography 
——— 


И 2.16 + 9.18 _ 11.34 9.04 + 12.48 _ 21.52 


= 5. b. = 10.76 
2 зе 2 2 
AB. e Am SON ЗЕТЕ. МЕ ш EE Жж ME 
[| 
CH CH С 
PNE A \ CEN ___ HCI, њо au он 
JC—0 m" —— C—NH —R ^ CHs—CH—C=N —, CH — 
Н H +NH3 +NH3 


R—S—S—R + Br 
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Answers to Chapter 22 Practice Test 


1. a. A catalyst increases the equilibrium constant of a reaction. 
b. An acid catalyst donates a proton to the substrate, and a base catalyst removes a proton 


from the substrate. 
c. The reactant of an enzyme-catalyzed reaction is called a substrate. 


d. Complexing with a metal ion increases the pK, of water. 


2. It protonates the leaving group to make it a better leaving group. 
3. a. b. 
rate НПР rate 
pH 5.7 pH 5.7 
4 Hiss57 ~ 9 
О ae СН, R 
| 6 Lh 
Авр — CH2CO-- - - HNi B 
Spio2 C 2С HNO% N | | 
Н МНЕ 
first step 
CH 
O — | 2 Р 
| + о! 
ASp192— СН»›СО”- НМ, МН ^c—o 
| 
МНЕ 


а. base catalyst 
b. nucleophilic catalyst 


c. It stabilizes the positive charge on histidine. 
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Answers to Chapter 23 Practice Test 


biotin and vitamin КН, 


methyl (CH; ), methylene (CH;), formyl (HC—0O) 


О TAN он :в 
Уен 77 С). 
R-N; RON / 
T5 T 
CH3CH;CH C 
N с“ No- 
|| 
О 


X—C— X— 


Ad— Ch, HE 
Со(П) Со(П) 


first coenzyme = biotin 
second coenzyme = coenzyme By 


| 

—NHCHC— —— — NHCHC— 
p т. 
CH, CH 
| - Nooo- 
COO- оос соо 
О О 
|] 

-0 “сну “сод 


а. АТР, Mg?*, HCO; 


b. ATP activates bicarbonate (НСО; ) by putting а good leaving group (phosphate) on it. Mg?* сот- 
plexes with ATP in order to reduce the negative charge on ATP so that it can react with a nucleophile. 


НСО} is the source of the СОО” group that is put on the reactant. 
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11. 


12. 


13. 


Answers 


FAD oxidizes dihydrolipoate to lipoate. 


[| С 
wo Sos. VEN + -07 `сн,сисн^ *o- 
C oO 


| *NH3 


In the process of converting uridines to thymidines, tetrahydrofolate is oxidized to dihydrofolate. NADPH 
is used to reduce dihydrofolate back to tetrahydrofolate. 


a. Vitamin B, is the only water-insoluble vitamin that has a coenzyme function. 
. БЕАРН, is a reducing agent. 

. Thiamine pyrophosphate is vitamin Bg. 

Cofactors that are organic molecules are called coenzymes. 

Vitamin K is a water-soluble vitamin. 

Lipoic acid is covalently bound to its enzyme by an amide linkage. 


moan x 
~" д "п 


Answers to Chapter 24 Practice Test 


О О 
I || | | || | 
а. 
ко“ | ~O- R^ ОО Ө ТО" -07 1 707 170" 
o- с о oO o 
ô FAD FADH, 
| || 
RCH;CH;CHCH;/ “Сод RCH,CH,CH=CH~ `$СоА 
|“ 
О 
| 
РА C. 
RCH,CH,CH—CH;  `$СоА 
| 
ОН 
C 
NADH, H* 
О о \ CoASH || | 
| | poc Ox 
С + C ~ RCH;CH; CH; SCoA 


RCH,CH; ~SCoA СНУ 
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acetate 


catabolic reactions 


amino acids 


acetyl-CoA 


a. 
b. FADH, is oxidized to FAD. 
c. 


d 


Each molecule of FADH, forms 2.5 molecules of ATP in the fourth stage of catabolism. 


МАР" is oxidized to NADH. 
. Acetyl-CoA is a citric acid cycle intermediate. 


т} і т 


Answers to Chapter 25 Practice Test 
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30 


О Е' b УК 
Д. В OR’ Rand R' are long, straight chains. 
o ^K 
d 
O О 
90 
г E А Е 
О 


Cholesterol is the precursor of all other steroids. 


. The double bonds in unsaturated fats are conjugated. 


Fats have a higher percentage of saturated fatty acids than do oils. 


. A saturated fatty acid has a lower melting point than an unsaturated fatty acid with the same 


number of carbons. 
Lipids are insoluble in water. 
A diterpene contains 20 carbons. 


. Vitamin A is not a coenzyme. 


5-membered ring 


arachidonic acid 


Answers to Chapter 26 Practice Test 


dUMP 


5'—A—T—G—C—A—A—G—T—3' 


> 


~ ре говорю 


. Guanine and cytosine are purines. 
. The 3'-ОН group allows RNA to be easily cleaved. 


The number of As in DNA is equal to the number of Ts. 

rRNA carries the amino acid that will be incorporated into a protein. 
The template strand of DNA is the one transcribed to form RNA. 
The 5’-end of DNA has a free OH group. 


The synthesis of proteins from an RNA blueprint is called transcription. 
. A nucleotide consists of a base and a sugar. 


RNA contains Ts, and DNA contains Us. 


only #1 


5' 6—С—А—0—6—6—4А—2—С—С—С—6—10—3' 


CA and TG 
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Answers to Chapter 27 Practice Test 


a. E M 


COOH COOH COOH 


b. —O(CH,), к йй NUM L— 
а а d 
c. —CH,CCH,C CH,C— 
A а а 
p] (| 


| | 
д. — C(CH,) а C— NH(CH,), NH—C (CH,), С —NH(CH,), NH — 


a. CH—CHCH, c. О 


A 


p^ | 
b. CH=C—CH=CcH, d. HO(CH,),COH 


a. кла a HOH а 
C © € 
| n0 I 
м N N 

b. а с. „ж. осин OCH,CHO— 


=) 29 С=0 CH,CH, CH,CH, CH,CH, 


CH, CH, CH, 


because the two substituents attached to the carbon are identical 
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Answers to Chapter 28 Practice Test 
6 
№ Уз and у; 
by Pa and фе 
Wi У, and у, 


А compound with three double bonds undergoes disrotatory ring closure under thermal conditions. 
A compound with two double bonds undergoes disrotatory ring closure under photochemical conditions. 


A compound with three pairs of electrons in the reacting system undergoes suprafacial rearrangement 
under thermal conditions. 


A compound with two pairs of electrons in the reacting system undergoes suprafacial rearrangement 
under photochemical conditions. 


[1,5] Sigmatropic hydrogen migration involves three pairs of electrons. 


A [2+2] cycloaddition reaction occurs only under photochemical conditions. 
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